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 I 
Summary 
 
The geographical study of genetic diversity has a long history in fields related to population 
genetics. Its relevance has been already acknowledged in the 1940's and numerous tools have been 
developed since then. Most of these tools are based on principles and assumptions of classical 
population genetics and search for one or some particular spatial patterns fitting the observed data. 
The increasing availability of genetic markers and genotypes motivated the development of new 
tools in the last decades. Very powerful are the individual-based methods, which jointly analyze 
genetic and geographical information. Nevertheless, either methods are still based on quite 
simplistic assumptions or do not provide enough flexibility to analyze the complex spatial structure 
of a modern human group. Special challenges to the analysis are the presence of admixture –which 
implies the existence of genetically differentiated subgroups within geographically delimited 
groups- and guaranteeing individual anonymity –an utmost relevant reason why individual-based 
analyses in modern humans are almost always unfeasible. 
This work presents a novel approach, a ‘Genetic Geostatistical Framework’, for the spatial analysis 
of genetic diversity with special focus on present-day populations, which are as a rule highly 
admixed. The proposed methodological approach is based on the integration of genetic statistics 
and spatial analysis, performed in the framework of Geographic Information Systems (GIS). 
The underlying model defines the spatial pattern of genetic diversity of an admixed population as 
the spatial overlap of several groups of genetically similar individuals, each group accounting for 
an independent spatial frequency distribution. This is comparable to the idea of decomposing the 
genetic structure of an admixed population into genetic layers, each one represented by the spatial 
frequency distribution of a group. 
This new Genetic Geostatistical Framework provides a flexible environment to precisely quantify 
and map inquires at population level related to the spatial distribution and frequency of alleles, 
haplotypes, and groups of closely related haplotypes. A novel feature is the identification, 
quantification, and mapping of the most frequent alleles or groups of closely related haplotypes per 
tract of land. The resulting maps partition the region into sub-regions, each one delimited by the 
area where one group of genetically closer individuals is the most predominant. This assessment 
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can be extended to map areas delimited by groups with the second highest spatial frequency and so 
forth. 
In the case study the spatial diversity of the male population in central and northern Argentina was 
investigated. 145 samples were collected in 10 provinces and genotyped for highly polymorphic 
forensic Y-chromosomal haplotypes corresponding to seven short tandem repeat polymorphisms 
(Y-STR), also known as microsatellites –DYS19, DYS389I/II, DYS390, DYS391, DYS392, 
DYS393. Spatial analysis of the distribution of the most frequent alleles showed a clear 
differentiation among three regions. The northwest differed genetically in relation to central and 
littoral Argentina. The Argentinean Chaco presented a lower differentiation of the rest of the 
Argentine territory. The genetic geostatistical analysis identified four major groups of Y-
chromosomal lineages, represented by groups of similar Y-STR haplotypes. Results showed that 
two genetically similar European lineages alternately dominate most of Argentina's territory. A 
third group was localized in the northwest, which included haplotypes representing South-
American lineages. The fourth group was preponderantly localized in central Argentina, where it 
was the second in frequency. This last group included worldwide dispersed haplotypes. These 
results indicate a widespread European paternal ancestry throughout Argentina’s territory, 
substantial Amerindian proportion in the most northwestern area, and a noteworthy contribution of 
paternal lineages incoming from diverse worldwide origins. These findings are in agreement with 
ethno-historical, genetic, and demographic studies. It is noteworthy that a substantial genetic 
differentiation between Argentine territories, as it has been measured in this work, is of foremost 
relevance for statistical inferences in forensic studies based on Y-STR haplotypes. Additionally, a 
genetic geostatistical analysis was performed using published data of three populations inhabiting 
distant Argentine territories. The congruity between these and previously reported results, which 
were obtained with widely acknowledged population genetics methods, further demonstrates the 
reliability of this new method. 
 
Findings of the spatial genetic diversity analysis of the georeferenced forensic Argentine data show 
that integrating genetic statistics and geostatistics within a GIS framework is a powerful instrument 
to address a wide range of spatial genetic inquiries at population level. These may include the 
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assessment of the spatial distribution and frequency of alleles, haplotypes, or groups of genetically 
similar individuals as well as the identification, quantification and mapping of the spatial coverage 
of the most frequent alleles or groups of related haplotypes per tract of land. In addition, this 
approach provides a flexible environment to adapt the analysis to various chromosomal levels and 
geographical scales and resolution. Results may be presented in form of summary statistics or 
charts. As well, patterns of genetic variation can be spatially quantified and precisely displayed in 
form of maps at the desired scale and resolution. The method has been primarily designed and 
tested on forensic Y-STR data. However, it will be straightforward to adapt it to other marker types 
or to increase substantially the number of loci. Since this new method aggregates genotypes 
spatially, violation of individual anonymity is also not at risk. In summary, it can be stated that this 
novel method offers an appropriate framework for detail investigation of spatial genetic diversity 
on the basis of genotypes accounting for a geographic reference. 
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Part I - Introduction 
1  General Introduction to the Research Topic 
Good knowledge of the genetic structure of a population is relevant to plenty of fields related to 
genetic studies. This includes among others genetic epidemiology, pharmacogenetics, evolution, 
and forensic genetics. Numerous studies in population genetics provide substantial evidence of the 
geographical genetic structure of continuously populated territories at broader scales (Barbujani & 
Sokal 1990; Cavalli-Sforza et al. 1994; Roewer et al. 2005; Rosser et al. 2000; Zerjal et al. 2001). 
For instance, whole genome analysis clearly demonstrated spatial correspondence of major human 
groups to broad socio-demographic regions in Western Europe (Lao et al. 2008; Novembre et al. 
2008).  
Among the most applied methods to study geographic patterns of genetic structure are: assignment 
procedures, ordination methods, analysis of spatial variation in polymorphism frequency on the 
basis of visualization tools or population genetics summary statistics, synthetic maps, and the 
search of genetic boundaries –zones of increased differentiation of genetic frequencies, also 
denominated genetic discontinuities (reviewed in: Barbujani 2000; Epperson 2003; Manel et al. 
2003; Storfer et al. 2007). Most of these methods search for one or some specific overall types of 
pattern fitting the data. This limitation is either related to method’s assumptions or to 
methodological restrictions. Consequently, the detected spatial genetic structure of a population 
will depend on the chosen method. 
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Geographical genetic structures may follow complex patterns, including clines, discontinuities and 
even gaps (Fechner et al. 2008). For example, in regard to the population structure of Europe several 
studies demonstrated patterns of clinal variation (Gusmão et al. 2003; Rosser et al. 2000), while 
others identified spatial genetic discontinuities (Barbujani & Sokal 1990; Kayser et al. 2005; Zerjal 
et al. 2001). A more suitable approach to study complex patterns of genetic variation may: (a) 
increase the information content gained from the sample, and (b) avoid setting a prior on the overall 
type of spatial structure. Several methods proposed in the past recent years in the fields of molecular 
biology and ecology successfully increase the amount of information extracted from population 
genetic data (Guillot et al. 2005a; Hardy & Vekemans 2002; Manel et al. 2007). Such methods 
examine the geographical position of each sample individually and jointly analyze inter-individual 
genetic and spatial relationships. 
 
The application of these methods to human data is close to unfeasible due to at least two main 
reasons: restrictions related to guaranteeing sample anonymity and admixture of modern societies. 
Individual Anonymity: In the scope of population genetics studies of modern human 
populations, ethical restrictions usually require to guarantee individual anonymity (i.e. sample 
characterization must exclude the possibility of personal identification). To link an individual to a 
precise and unique geographical reference (e.g., postal address) is, in most cases, in conflict with 
such restrictions. Consequently, less precise geographical references are generally used. Samples 
may be georeferenced to sampling areas (e.g., state, country) or sites (e.g., sampling institution, 
hospital, urban settlement of recruitment). This procedure usually results in a geographical 
aggregation of samples. This situation arises because sampling design of genetic studies on modern 
humans usually involves a considerably low number of sampling locations in relation to the number 
of samples. 
Admixture: To define each sampling location as a single population, i.e. a group of individuals 
who are likely to mate and reproduce, is a largely chosen approach in population genetics studies 
and it has been implemented for some of the individual-based methods cited above (Hardy & 
Vekemans 2002). The implicit assumption of such modus operandi is that each of those 
geographically defined populations can be considered genetically homogeneous. Since modern 
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societies may present a considerable degree of admixture, this assumption may not be quite 
realistic. 
Geographical aggregation of samples may actually reduce the potentials of individual-based 
methods and it may hinder the search of complex spatial patterns of genetic heterogeneity. 
 
An alternative approach of geographical data aggregation involves firstly grouping samples 
according to genetic similarities and then inspecting the spatial distribution of such groups. In the 
field of forensic genetics, studies applying such an approach observed clines of genetic variation 
and detected differences in frequencies among regions at continental and country scales. Spatial 
patterns were basically assessed on the basis of visualization methods. Commonly applied methods 
included: (a) comparison of groups’ frequencies within a region, e.g., using pie or bar charts for the 
representation of group frequencies at each geographical location (Brion et al. 2004; Gusmão et al. 
2003; Rosser et al. 2000), (b) evaluation of the spatial distribution of frequencies separately for 
each group, e.g., on the basis of visual examination of interpolated surfaces, which estimated the 
spatial frequency of each group (Lao et al. 2008; Roewer et al. 2005). In the first case, such type of 
visualization techniques facilitates the comparison of frequencies among groups at each sampling 
location; in addition this explorative approach does not set a prior on the overall type of spatial 
structure. However, characterizing the spatial pattern of genetic heterogeneity of the total sample 
on the basis of visual examination of pie or bar charts becomes more difficult with an increase in 
the number of compared groups, the number of observed locations, or pattern complexity. The 
second approach, based on the visual examination of one interpolation surface per group, largely 
facilitates the identification of patterns of genetic variation across space of each group. 
Interpolation surfaces indeed estimate the spatial distribution of values; in this specific case, the 
genetic frequencies. Several interpolation methods as well as stand-alone software are available to 
create interpolated surfaces. Nonetheless, in order to assess the spatial pattern of genetic 
heterogeneity jointly for all groups, the information contained in these surfaces must be somehow 
summarized (Barbujani 2000). The full use of spatial information content of the data requires to go 
beyond visual examination of partial spatial relationships and to perform deep geostatistical 
analysis of genetic relationships. A geographic information system (GIS) is a software package 
Part I -Introduction 
 
4 
specifically developed for analyzing geographic relationships. It is a very suitable platform for 
geostatistical analysis of complex spatial genetic structures. Once genetic data is framed within a 
GIS a wide range of geostatistical tests may be performed in order to generate and, eventually, to 
test hypothesis concerning the spatial genetic pattern of admixed groups populating a geographical 
space. 
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2  Aim and Objectives of the Study 
The aim of this work is to present a new GIS-based approach for analyzing the spatial genetic 
diversity of admixed populations over spatially continuous regions. A ‘Genetic Geostatistical 
Framework’ is set up, integrating genetic statistics and geostatistical analysis. Main components 
of this methodology are the assessment of the spatial distribution of groups of genetically similar 
individuals and the quantification of the spatial coverage and pattern of the most frequent groups. 
 
This approach was primarily designed for and tested on forensic Y-chromosomal data. 
Forensic Y-chromosomal short tandem repeat markers (Y-STR), also denominated Y-chromosomal 
microsatellites, are highly polymorphic. Non-recombinant Y-chromosomal loci are very likely 
selection-neutral and are jointly inherited. Because these loci are inherited as a block, unambiguous 
haplotypes can be defined. Y-STR haplotypes present consequently even much higher levels of 
polymorphism. Due to these characteristics and the standardized, high-quality genotyping 
procedure used to obtain this type of forensic markers, forensic Y-STR loci and Y-STR haplotypes 
are exceptionally informative genotypes and provide an outstanding basis for the analysis of 
population heterogeneity (Bosch et al. 2001; Brion et al. 2004; Diaz Lacava et al. 2011a; Diaz 
Lacava et al. 2011b; Gusmão et al. 2003; Kayser et al. 2005; Roewer et al. 2005; Zerjal et al. 2001). 
Forensic Y-STR loci and haplotypes have been proven to be suitable for genetic studies of spatially 
contiguous, admixed populations (Brion et al. 2004; Diaz Lacava et al. 2011a; Diaz Lacava et al. 
2011b; Kayser et al. 2005). 
 
This new methodology is introduced and discussed by analyzing Argentine forensic Y-
chromosomal genotypes. 
The Argentine population is of special interest due to two main factors:  
(a) A complex, fine-scale spatial pattern of genetic variation is expected.  
Argentina extends over vast and differentiated geographical regions. Immigrants, primarily 
Part I - Introduction 
 
6 
European lineages, and Amerindian populations mixed differentially in the distinct 
geophysical territories over the last centuries. 
(b) There is abundant published data to verify result validity.  
Plenty of published ethno-historical, genetic and census data is available; major, large-scale 
immigration occurred relative recently and the Argentine demographic history is 
consistently documented as well. 
 
A major focus of this thesis is a case study. This case study evaluates the genetic diversity of the 
present urban male population in Argentine. Data was collected in the context of paternity tests in 
urban areas of 10 provinces of central and northern Argentina in 2007. 
 
Further, the reliability of the presented methodology is demonstrated using published data of three 
geographically-distant Argentine populations, previously analyzed with well-established methods 
of population genetics. 
 
Finally, potentials and limits of this Genetic Geostatistical Framework are inspected and discussed. 
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Part II - Literature Review 
3  Spatial Genetic Diversity in Modern Human Populations 
This chapter provides basic definitions as well as a concise overview of current knowledge and 
available methods and techniques for the analysis of genetic variation of modern human 
populations across the geographic space. 
3.1. Elementary Definitions1 
The hereditary material is denominated genome. The genome includes all required information to 
build and maintain an organism. This information is organized in chromosomes and is found 
practically in each human cell. The main constituent of the chromosome is the deoxyribonucleic 
acid (DNA). Most DNA is contained in the cell nucleus, denominated nuclear DNA. A nuclear 
DNA unit is basically an extremely large double strand of molecules that forms a spiral called 
double helix. These molecules are nucleotides, usually designated bases, which are joined to each 
other in a chain by covalent bonds, resulting in a sugar-phosphate backbone. There are in total 
four bases, which are usually represented by letters: adenine (A), guanine (G), cytosine (C), and 
thymine (T). Bases pair up with each other in a specific fashion according to their chemical 
properties, A with T and C with G, and form units called base pairs (Figure II-1).  
                                                 
1 reviewed in: Cavalli-Sforza et al. (1994) and in Hart & Clark (1997); alternative sources are indicated in text. 
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Figure II-1 Schematic representation of a DNA molecule. 
Source: Genetics Home Reference [Internet]. [place unknown]: National Library of Medicine® 2013. 
[Figure], What is DNA? [cited 2013 Jan 21]. Available from: http://ghr.nlm.nih.gov/handbook/basics/how 
manychromosomes 
 
 
The whole nuclear genome contains more than three billion base pairs. Their linear order is actually 
the storage of the information content. Humans share more than ninety nine percent of such linear 
order (Genetics Home Reference 2013; http://ghr.nlm.nih.gov/). Shorter segments of DNA with 
specific functions, genes, are spread along the chromosome (Figure II-2). On average many 
thousands of genes are present in one chromosome. 
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Figure II-2 Schematic representation of a chromosome and the location of a gene. 
Source: Genetics Home Reference [Internet]. [place unknown]: National Library of Medicine® 2013. 
[Figure], What is a gene? [cited 2013 Jan 21]. Available from: http://ghr.nlm.nih.gov/handbook/basics/how 
manychromosomes 
 
 
 
 
 
Figure II-3 Human chromosomes. 
Number and appearance of nuclear chromosomes, arranged as pairs. Source: Genetics Home Reference 
[Internet]. [place unknown]: National Library of Medicine® 2013. [Figure], How many chromosomes do 
people have? [cited 2013 Jan 21]. Available from: http://ghr.nlm.nih.gov/handbook/basics/howmany 
chromosomes 
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The human nuclear genome comprises 23 pairs of chromosomes, which can be morphologically 
distinguished (Figure II-3). One pair determines the person's sex. These chromosomes are called 
allosomes or sex chromosomes. Females carry a pair of X chromosomes and males one X 
chromosome and one Y chromosome. The other 22 pairs are called autosomal. Both units of each 
pair of autosomal and X chromosomes are morphologically indistinguishable but account subtle 
differences detectable at the nucleotide level. The presence of two copies of each unique 
chromosome is referred to as diploidy. 
 
 
Figure II-4 Ideograph of the Y chromosome.  
The ideograph illustrates the locations of the two pseudoautosomal regions (PAR1 and PAR2), the non-
recombinant region, and the location of seven well-established forensic microsatellites (Y-STR). Source: 
Roewer (2001). 
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Considering a pair of chromosomes, one is contributed by the mother through the egg (ovum) and 
the other by the father through the sperm. Besides the special case of the Y chromosome, each one 
of all other chromosomes constitutes a recombination of the respective parental pair of 
chromosomes; the process by which the chromosomal material is exchanged is called crossing 
over. This can take place with a small probability anywhere along the chromosome and the 
probability of two crossing overs occurring on the same chromosome increases with the distances 
between their locations. Recombination takes place during the meiosis, i.e. a special type of cell 
division that produces the gametes, i.e. eggs or sperms. 
The Y chromosome is a special case of nuclear genome. It is inherited from fathers to sons without 
recombination in most of its length (Figure II-4). To the largest extent the Y-chromosomal genetic 
material is not subjected to recombination and it is transmitted over generations almost in its 
ancestral form. Genetic variation in these regions of the human genome evolves through the 
accumulation of mutations. Because a male individual only carries one copy of this chromosome 
it is denominated haploid. 
3.2. Variability of the Human Genome 
Although geneticists have been aware of a certain amount of genetic variation among individuals 
of the same species for a long time, the full extent of individual variation was first appreciated in 
the 1980s, as the analysis at the level of the genetic material became possible (Cavalli-Sforza et al. 
1994). Since then the techniques of DNA analysis have been developing rapidly (Schlötterer 2004) 
leading recently to sequencing of whole human genomes of globally representative populations 
(International Human Genome Sequencing Consortium 2004; Venter et al. 2001). An enormous 
wealth of genetic data of worldwide populations is now freely available 
(http://www.ncbi.nlm.nih.gov/; http://www.yhrd.org/).  
The variation among individuals of the same species of one specific segment of the genome is 
usually indicated as polymorphism, marker, or locus; the different forms or attributes of one 
specific polymorphism is called allele. The proportion of a given allele, i.e. the allele frequency, 
varies considerably across space, but the greatest variation is observed at large distances (Cavalli-
Sforza et al. 1994; Manica et al. 2005). A unique combination of alleles along a segment of a 
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chromosome is called haplotype (Hart & Clark 1997). 
Current estimations indicate that 99.5 percent to 99.8 percent of human nuclear genome is 
essentially identical in every individual; this implies that although variants make up a small fraction 
of the total nuclear genome, in average 6 to 15 million nucleotides still vary between two randomly 
selected people (Kidd et al. 2004). 
3.3. The Generation of Genetic Variation 
The evolutionary process generating genetic variation is driven by mutation, gene flow, natural 
selection and random genetic drift.  
Under mutation is meant the occurrence of errors in the DNA replication; it refers to replacement, 
addition, or deletion of one or several nucleotides. Mutations are rare events, but since the human 
genome is constituted by approximately three billion bases, some dozens of different mutations 
may be transmitted to the next born person. This process is considered basically random. 
Eventually a specific DNA segment may be hit by a second mutation, so that many alleles of one 
segment can arise and coexist in a population. In this case that segment or locus is called 
polymorphic.  
Mutations affect the genome at the single locus level; they are the source of new genetic material. 
Therefore mutations are one of the key ingredients of evolution. But since the rate of recurrence of 
the same mutation is extremely low, the fate of one particular mutation depends on the other three 
elementary forces, i.e. natural selection, gene flow, and random genetic drift. 
Natural selection is the automatic process of indirectly sorting out and favoring useful alleles 
while eliminating deleterious ones. It acts only on those mutations affecting the fitness of the 
individuals, i.e. the performance of the individual organism in relation to survival and fecundity. 
Alleles that are considered not to have a particular significance in the fitness of individuals, thereof 
‘invisible’ to natural selection, are called neutral alleles. Neutral alleles are ideal for mapping the 
geographic distribution of average genetic variation of populations and for tracing ancestral 
lineages of genomic variants. 
Gene flow is the result of migration processes and as a consequence new alleles are brought to a 
population. Admixture is the result of gene exchange between or among genetically different 
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populations. Gene flow affects the genome as a whole, all loci equally at the same time, regardless 
of the gene-flow amounts and the number of generations involved in the process (Wijsman 1984). 
It results in a new population. Allele frequencies of the admixed population are a constant linear 
combination of the allele frequencies in the parental ones (Cavalli-Sforza et al. 1994). Natural 
selection and gene flow drive allele frequencies in a specific, and to some extent predictable, 
direction. 
Random genetic drift is the effect of random sampling of a gamete, the particular egg or sperm 
that gives raise a new individual, at each generation. Like mutations, drift is random. 
Genetic drift affects all loci uniformly (Cavalli-Sforza et al. 1994). The effect on a given allele 
depends on the particular allele frequency and population size (Wijsman 1984). On average, greater 
changes in allele frequencies are expected when the population size is small (Cavalli-Sforza et al. 
1994). Isolated populations tend to differ from other populations of the same geographic or ethnic 
origin. Since such populations are also less likely to present genetic similarities with other 
geographically more distant and genetically unrelated populations, they tend to behave as ‘outliers’ 
when compared all together (Cavalli-Sforza et al. 1994). 
Leaving aside migration, natural selection and random drift are the cause of variation of allele 
frequencies in populations (Cavalli-Sforza & Feldman 2003). Estimating the effects of drift and 
selection on the generation of human genetic heterogeneity is considerably difficult (Wijsman 
1984). The joint effect of these two factors must have differed in evolutionary times across regions 
and molecular evidence indicates that most probably different evolutionary models are required to 
explain genomic variation in different continents (Cavalli-Sforza & Feldman 2003). Present-day 
patterns of genetic variation could have been arisen due to different demographic, mutational as 
well as selective processes (Pannell & Charlesworth 2000). Assessments of evolutionary process 
and genetic composition of past populations remain inferential and require information from other 
fields, e.g., archaeology, palaeontology, or linguistics, which often gain information directly from 
ancient material (Goldstein & Chikhi 2002). Nevertheless, where admixture took place recently, 
involving large sources of populations, it is unlikely that drift may have had a considerable 
influence on the allele frequencies of the new admixed population and can be, to some extent, 
neglected (Wijsman 1984). 
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3.4. ‘Geo-’Genetics 
The relevance of including spatial components to the analysis of genetic variation was already 
acknowledged in the 1940’s in theoretical studies of Dobzhansky and Wright (1941), Wright (1943) 
and Malécot (1948) (Guillot et al. 2009). Nevertheless, there is no spatial genetic theory available 
yet (Guillot et al. 2009). 
Adequately summarizing spatial genetic variation is not straightforward. Genetic data merges 
information about historical and current processes (Balkenhol et al. 2009). Spatial patterns of 
genetic variation capture the cumulative effects of processes generating it over many generations 
(Epperson 2003). Contradictory results may be obtained analyzing the geographic structure of a 
population just by considering different assumptions of the mutation model, even when using the 
same data (Barbujani & Belle 2006). These ‘incongruities’ may not relate to data or methodological 
errors, but reflect a basic feature of human diversity: there is a heterogeneous distribution of genetic 
polymorphisms and in most cases these do not correlate (Barbujani & Belle 2006). This is so 
because, due to the complexity of the interrelated effects of selection, gene flow, mutations, and 
drift, every allele varies in frequency over evolutionary times in a relatively unpredictable manner, 
so that it can be considered, at least superficially, nearly random (Cavalli-Sforza et al. 1994). The 
interpretation of contemporary spatial genetic variation requires taking into account geographical 
constrains, demographic processes, and historical events (Balkenhol et al. 2009). 
 
Classical population genetics considers populations to be spatially organized as discrete patches, 
i.e. corresponding to sub-populations, or to follow simple clinal patterns, e.g., isolation-by-distance 
(Balkenhol et al. 2009). Populations –and sub-populations- are defined a priori. In contrast, more 
recent individual-centered methods directly evaluate individual genotypes and their geographical 
co-ordinates using spatial methods (Manel et al. 2007). The latter approach is more appropriate 
when individuals are more uniformly distributed in space or are not arranged in a clustered 
distribution (Manel et al. 2003). 
Spatial models in classical population genetics most generally assume a homogeneous 
geographical environment or, at least, these models assume that gene flow would not depend on 
the characteristics of the geographical region (Balkenhol et al. 2009). Models focus on allopatric 
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speciation, i.e. new species are created as consequence of restricted gene flow, followed by drift 
or/and local speciation (Balkenhol et al. 2009; Futuyma 1997). It is assumed that the system is in 
equilibrium and it models such processes independently of the heterogeneity of the geographical 
environment (Balkenhol et al. 2009). The inclusion of spatial components is constrained to test the 
effect of geographic distance (Guillot et al. 2009). Methods developed under this paradigm may 
calculate genetic distances among individuals or among populations. A battery of frequently 
applied tests is based on these assumptions. Most of these are based on global statistics, i.e. all 
spatial data points go jointly in the computation of model parameters and these mirror global 
properties of the sample over the total study region (Guillot et al. 2009). Considering that spatial 
environments are most usually not homogeneous, and these as well as the genetic processes 
occurring within them are rarely stable or at equilibrium, such models and the corresponding 
statistical tools are generally not suited to evaluate the influence of heterogeneous, evolving 
geographic environments, especially when the analysis involves individuals, i.e. continuous 
populations (Balkenhol et al. 2009).  
 
Since one of the first studies of spatial genetic variation of Haldane (1940) –who reported clinal 
patterns of ABO*B frequencies in Europe- over largely acknowledged theoretical and empirical 
studies in more recent years (Barbujani & Sokal 1990; Barbujani 1987; Cavalli-Sforza et al. 1994; 
Lao et al. 2008; Piazza et al. 1995; Sokal 1988; Sokal & Oden 1978), all these works regarded the 
inclusion of geographic analysis as the examination of the effect of geographic distance. Epperson 
(2003) presented under the denomination of Geographical Genetics a deep analysis of the 
mathematical-statistics properties of spatial measures in relationship to measures of stochastic 
space-time processes. This work included a rigorous compendium of the most relevant statistical 
methods applied to model geographic patterns of genetic variation. Though the comprehensive 
treatment of this discipline, the cited methods still define the geographic region as a mere Euclidean 
distance dimension where genetic processes occurred. 
The relatively new field landscape genetics integrates data and methods from geography, 
geostatitstics, landscape ecology and population genetics to analyze and understand the spatial 
distribution of genetic variation (Manel et al. 2003; Holderegger & Wagner 2006; Storfer et al. 
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2007). This field is explicitly concerned with interaction between the landscape –composition, 
configuration, and matrix quality (Turner et al. 2001)- and processes of gene flow and selection 
within the scope of microevolution, i.e. evolutionary processes within species (Holderegger & 
Wagner 2006; Storfer et al. 2007). Ideally, a spatial genetic pattern determined on the basis of 
genetic and spatial tools would correlate with landscape or environmental features that explain the 
observed spatial pattern (Manel et al. 2003). 
So far, landscape genetics possess neither its own theory (Holderegger & Wagner 2006; 
Holderegger & Wagner 2008) nor its own methodological analytical framework (Holderegger & 
Wagner 2008). It differentiates from traditional population genetics by explicitly evaluating the 
effects of landscape composition, configuration and matrix quality, i.e. “the often-hostile space that 
separates the patches of a species’ habitat in a given landscape”, on gene flow and genetic variation 
within and among populations (Holderegger & Wagner 2008). Studies of these two disciplines 
differ also in relation to spatial and temporal scale (Holderegger et al. 2006). Population genetics 
studies are often carried out either at local scale, i.e. detailed studies usually involving intensive 
sampling within a narrow region and ignoring the landscape, or far beyond the extent of a single 
landscape. Usually the ‘landscape’ just refers to geographic distance. Population genetics 
investigations either referrer to very short periods or to extreme large, usually undetermined, time 
frames, i.e. several generations or evolutionary time frame. Time scale in landscape genetics is 
defined according to the organism perspective and the relevant landscape processes (Holderegger 
et al. 2006). While the relationship among groups or populations may be evaluated, in a landscape 
genetics approach the individual is the most appropriate operational unit of study due to two main 
reasons: it avoids potential bias in determining groups in advance; and it allows conducting studies 
at finer spatial scale (Manel et al. 2003). 
Landscape genetics studies focus nowadays on four main research areas: barriers to gene flow; 
landscape variables that facilitate or hinder gene flow; effects of temporal scales; and species-
specific hypothesis tests. A majority of these studies addresses questions related to the effect of 
barriers and connectivity on spatial genetic variation (Storfer et al. 2010). Most commonly applied 
analytical methods include a broad battery of spatial tests already largely applied in population 
genetics –e.g., Mantel test, isolation-by-distance test, linear regression, ordination, autocorrelation; 
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but also relatively new methods such as individual-based methods which estimate genetic 
connectivity on the basis of individual genotypes (Storfer et al. 2010). 
Guillot et al. (2009) framed under the label of Spatial Genetics statistical methods applied to 
detect, quantify and test the spatial structure of genetic variation, i.e. “to analyze population genetic 
data in a spatially explicit framework”. This area partially overlaps with landscape genetics. It 
focuses on modeling the spatial pattern with the aim of making “more accurate inferences by 
appropriately injecting a priori information and obtaining directly interpretable parameters”. It uses 
information about genetic patterns “to gain deeper insights into the underlying ecological and 
evolutionary mechanisms“, and it is mostly concerned with the study of neutral genetic variations 
(Guillot et al. 2009). 
3.5. Basic Measures of Genetic Differentiation 
Measures traditionally used to quantify and analyze the generation of genetic variation are 
intrinsically related to the concept of population (Epperson 2003). A population, i.e. deme, refers 
to a group of individuals who are likely to mate and reproduce (Dobzhansky 1970). In the field of 
population genetics the ‘ideal’ population is constant in size and follows monoecious, i.e. 
hermaphrodite, random mating (Epperson 2003).  
Population substructure is practically universal among organisms. This is so because forces 
producing genetic variation within a population may lead through time to genetic differentiation, 
i.e. the acquisition of allele frequencies that differ among subpopulations of a previously 
homogeneous population (Hart & Clark 1997). 
Traditionally, human genetic variation has been studied under the island-model framework and is 
still frequently implicitly assumed (Handley et al. 2007). The island model (Wright 1931) defines 
gene flow as the exchange of migrants among demes by a nonrandom fashion, in opposition to 
another widely applied model, the stepping-stone model, in which only neighboring groups 
exchange migrants (Handley et al. 2007).  Both are actually special cases of the infinite-lattice 
model (Malécot 1950, reviewed in: Guillot et al. 2009), which assumes demes or individuals 
distributed on a lattice with homogenous demographic parameters of every lattice node, i.e. 
population size (or density) and dispersal rate (Guillot et al. 2009). 
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The phenomenon generating an increase of genetic differentiation of neutral loci with incremental 
geographical distance was first formally modeled by Sewall Wright (1943), who introduced it with 
the phrase isolation by distance. The theory of ‘isolation by distance’ was largely further 
developed by this and several other authors and these theoretical results were recurrently applied 
to compute different measures of genetic differentiation (Slatkin 1993). Most of the recently 
reported studies on this subject are based on the ‘infinite lattice model’ (Guillot et al. 2009). 
 
For more than two decades Jorde (1985) classified most commonly applied measures of genetic 
distances into four major categories: 
I. Chi-square distances: basically the square difference between gene frequencies in 
two populations is related to the standardization of this difference; a commonly 
applied standardization is the mean gene frequency of the total population, which is 
thought to represent the founding-population gene frequency. These measures are 
based on the assumption that differences in gene frequency between the two 
populations are not too large.  
II. Angular transformation distances:  an arcsine transformation is applied to gene 
frequencies in order to achieve independence between gene frequency variances and 
themselves. It assumes an evolution model based solely on drift process; it is less 
appropriate when widely divergent sample sizes are analyzed. 
III. Gene substitution approaches: these include a set of genetic distances based on the 
number of codon substitution differences between two populations; it is based on 
the model of infinite alleles. In human studies some method assumptions may not 
be met and results must be regarded with caution. 
IV. Information measures: these refer to indices of genetic diversity. Within- and 
between-groups diversity are computed and combined to estimate the overall 
genetic distance among groups. 
When applied to the study of human populations, these major types of genetic distances produce 
highly correlated results (Jorde 1985). 
Furthermore, the author pointed out a group of very useful display techniques (Jorde 1985): 
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I. Genetic maps: under this denomination is included the two-dimensional 
representation of distance matrices. The first proposed and widely used method to 
produce distance matrices is the principal coordinates analysis; another widely 
applied method is multidimensional scaling. 
II. Evolutionary trees: these allow the illustration of evolutionary processes in form of 
a hierarchical structure. 
3.6. Statistical Toolbox in Spatial Genetics 
This section reviews spatially explicit genetic methods, in contrast to methods which include the 
geographic space or geographical references as a support for the visualization and interpretation of 
results. 
A full battery of methods and tools are nowadays available for the spatial analysis of genetic data. 
Most commonly applied methods involve testing for isolation by distance, spatial autocorrelation, 
ordination, and spatial assignment of individuals (Storfer et al. 2010). 
Populations usually exhibit spatial dependence of observation values. Testing for statistical 
dependence between geographic and genetic distances is usually carried out with Mantel test (Sokal 
& Rohlf 1995) or with the estimation of spatial autocorrelation (Guillot et al. 2009). Mantel test is 
based on the isolation-by-distance model. It involves the computation of geographic and genetic 
distance matrices for pairs of individuals or groups. These two matrices are compared on the bases 
of an empirical correlation coefficient; significant correlation is indicative of global spatial 
structure (Guillot et al. 2009). The empirical estimation of spatial autocorrelation is an exploratory 
tool and is usually performed computing variogram parameters and Moran’s I index –a weighted 
correlation coefficient applied to test departures from complete spatial randomness (Moran 1950).  
Ordination methods, e.g., canonical correspondence analysis, principal component analysis or 
multidimensional scaling, can be applied as exploratory tools to identify continuous variables 
generating spatial arrangement of related individuals (Jongman et al. 1995). Such multivariate 
methods are used to order individuals or populations according to genetic characteristics with the 
aim of generating hypothesis of spatial continuous variables affecting gene flow. By using 
canonical correspondence analysis space can be explicitly incorporated as a covariate (Storfer et 
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al. 2007). 
Spatial interpolation can be applied to predict values and the corresponding levels of uncertainty 
of continuous variables between observation sites. Although a quite large number of methods and 
tools are based on spatial interpolation, this methodology remains quite underutilized (Storfer et al. 
2007). In the context of spatial genetics, it is particularly useful for analyzing spatial processes 
affecting gene flow and the genetic relationships of populations continuously distributed in space, 
i.e. populations that not have a clumped distribution, avoiding the necessity of a priori definition 
of groups and the difficulties related to the analysis of non-independent pair-wise data (Murphy et 
al. 2008). 
A two-dimensional representation of the geographical distribution of genetic frequencies is 
designated with multiple terms, including 'geographic maps' (Cavalli-Sforza et al. 1994), 'landscape 
surface', 'genetic landscape', or 'genetic landscape surface' (Vandergast et al. 2011). Murphy et al. 
(2008) denominated genetic surface a representation of continuously, gradually changing spatial 
structures of genetic variation and genetic surfacing the process of generating genetic surfaces. 
These terms make direct reference neither to the interpolation method used to create them nor about 
potential further applications, aside from visual examination. A synthetic map represents a special 
case and designates the two-dimensional graphical representation of principal component values 
with geographical references (Manel et al. 2003). Synthetic maps have been widely used to 
represent spatial genetic variation in humans. For instance, Cavalli-Sforza et al. (1994) investigated 
in detail world-wide human genetic variation based on this method. While these graphical 
representations are extremely useful for visually identifying geographic patterns and for generating 
hypothesis about the origin of spatial diversity (Barbujani 2000), to model the geographical 
distribution of frequencies within the framework of a geographic information system (GIS) allows 
to implement deep geostatistical analysis to spatial frequency data, which generally includes a large 
spectrum of interpolation methods for data analysis (Vandergast et al. 2011). 
 
A further very relevant set of techniques are related to the search of genetic barriers. This term, 
also denominated genetic boundaries (Barbujani 2000), refers to areas accounting for rapid change 
in allele frequencies. These usually implicate sharp genetic differences between populations 
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inhabiting the flanking areas and indicate any kind of obstacle constraining gene exchange. Local 
genetic structuring may be the result of barriers affecting gene flow (Barbujani 2000; Barbujani & 
Belle 2006). Two spatially explicit methods to infer genetic boundaries are wombling (Womble 
1951; Barbujani et al. 1989) and Monmonier’s algorithm (Monmonier 1973). The Wombling 
algorithm represents data in form of a continuous function defined over the entire study area –i.e. 
commonly represented by a two-dimensional spatial matrix or grid with (estimated or observed) 
values at the grid nodes- and is applied to detect areas where frequencies of biological measures 
(such as gene frequencies) change more rapidly than other areas (Barbujani et al. 1989). The 
method was originally proposed by Womble (1951) and implemented by Barbujani et al. (1989). 
Its application to spatial genetics is based on the idea that zones where allele frequencies show a 
high rate of change may correspond to areas of limited gene flow, i.e. genetic boundaries; this 
implementation searches for any type of gene-flow barrier with a geographical component. 
Wombling has been used to detect barriers between major populations at continental and national 
level (Barbujani et al. 1989; Barbujani et al. 1990). Monmonier’s algorithm (Monmonier 1973) 
tries to detect pairs of neighboring predefined groups that account for relatively large genetic 
differentiation (Guillot et al. 2009). In recent years individual-based methods were proposed to 
detect barriers. For instance, GENELAND (Guillot et al. 2005b) applies a Bayesian spatial 
assignment of individuals combined with Voronoi tesselation. Further, Manel et al. (2007) proposed 
a moving-window technique to identify genetic spatial discontinuities which also applies an 
individual-centered approach. 
3.7. Spatial Genetic Diversity in Humans 
Global human genetic diversity is extremely low. Humans account for the lowest species diversity 
among primates (Kaessmann et al. 2001). Because in evolutionary terms our own species is 
relatively young, human genetic diversity is reduced even compared to that of our closest relatives, 
the great apes (Gagneux et al. 1999). For instance, genetic differences between major socio-
demographic groups are less pronounced than those between chimp populations, one of the 
primates most genetically similar to humans (Fischer et al. 2006; Hurles & Jobling 2001). Though 
such low global differentiation, human-genome diversity presents a complex geographical structure 
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(Alves et al. 2012). Geographic distances account for three quarters of the genetic variance between 
populations worldwide (Ramachandran et al. 2005). This strongly indicates that phenomena 
occurring in geographic space, i.e. demographic expansions, have primarily shaped geographical 
patterns of genetic variation (Barbujani & Colonna 2010). While global patterns of genetic 
variation are greatly influenced by geography, at regional scales culture and language also play an 
important role (Handley et al. 2007). 
At global scales the proportion of neutral alleles shared among populations decays smoothly with 
increasing geographical distance (Manica et al. 2005). Such a structure of continuous, gradual 
changes is designated clinal pattern (Handley et al. 2007). Clinal patterns of genetic variation 
presumably result from migratory contact between populations through most of their history 
(Barbujani & Belle 2006). At these scales, broad clinal patterns are interrupted by genetic barriers 
(Handley et al. 2007; Ramachandran et al. 2005). A reduction of gene flow, e.g., as a consequence 
of geographical and/or cultural barriers, may most probably lead to a certain degree of isolation 
between those groups (Barbujani & Belle 2006). 
On average, the largest proportion of human genetic diversity (ca. 85 percent) is represented by 
differences within populations (Barbujani & Belle 2006). Differences between populations are 
extreme subtle. Precise, absolute boundaries, i.e. clear-cut genetic differences among groups, 
cannot be delineated (Barbujani & Belle 2006). Nevertheless, if the number of genetic markers is 
large enough genetic differences may be observed between any pair of populations or groups 
thereof (Bamshad et al. 2003). This holds true even for groups separated by very few kilometers 
(Manni et al. 2004; Rosser et al. 2000; Wooding et al. 2004). 
Complex patterns may be found as well in narrow regions. In areas recently populated by groups 
from different geographical origins, which did not mix much, specific genetic characteristics of the 
ancestral populations may be observed in a single location (Shriver et al. 1997; Wooding et al. 
2004). 
3.8. The Choice of the Molecular Marker 
Since the discovery of the first molecular markers of genetic variation among human populations 
at the beginning of the 19th century, i.e. ABO blood groups, plenty of types of markers have been 
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discovered and validated (Cavalli-Sforza & Feldman 2003). Molecular properties and information 
provided by each type of marker vary considerably (Jombart et al. 2009). When the spatial pattern 
under study is assumed to be related to gene-flow the analysis must be performed with neutral 
markers (Jombart et al. 2009). 
In studies of human populations’ diversity single nucleotide polymorphisms (SNP) and short 
tandem repeats (STR) –also denominated microsatellites- (Schlötterer 2004) are among the most 
commonly used these days (Barbujani & Colonna 2010); nowadays enormous amounts of genetic 
data of selected populations are freely available (http://www.ncbi.nlm.nih.gov/; 
http://www.yhrd.org/).  
Studies of present and past population genetic diversity and assessment of past demographic 
processes rely on the estimation of allele distribution. The substantial difference in mutation rates 
and genomic abundance between SNPs (lower rate; higher abundance) and STRs (higher rate; 
lower abundance) frames the temporary scale of study and affects the number of loci required to 
quantify genetic heterogeneity among and within populations. Due to their low mutation rates SNPs 
are useful to trace demographic events in evolutionary scales. Nevertheless, because they are not 
very informative, a large number of loci are required for studies of genetic diversity; this is 
especially important in studies of human populations due to the low amount of within-species 
variability. STRs are highly informative and a smaller amount of loci are required to perform 
accurate comparison between groups and even between individuals (Schlötterer 2004). Plenty of 
studies demonstrated their value for tracing human demographic processes; conclusions were 
verified by findings of various related disciplines such as anthropology, archaeology, demography, 
or linguistics (Cavalli-Sforza & Feldman 2003). So far STRs are the most widely used type of 
marker in studies of spatial genetic diversity in any animal taxonomic group (Storfer et al. 2007).  
Mechanisms of hereditary transmission differing among the components of the genomic material 
affect the type of information provided by molecular markers. Haploid loci are inherited uni-
parentally as a block, without recombination, i.e. most of the Y chromosome is passed unchanged 
from fathers to sons (Jobling & Tyler-Smith 2003). These types of markers are very informative on 
gene flow and are useful to detect and to trace paternal lineages. Population frequency of haploid 
loci is not affected by recombination and these types of loci are better suited to infer more recent 
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demographic and evolutionary events than autosomal loci (Barbujani & Colonna 2010). 
Specifically, Y-chromosomal markers supply substantially finer details about population 
differentiation than the recombining counterparts of our genome (Underhill & Kivisild 2007). 
Because the genetic information of Y chromosomes is only modified by mutation, rather than 
suffering reshuffling due to recombination as the autosomal genome does, it preserves a simpler 
register of human history (Jobling & Tyler-Smith 2003). These exceptional features most probably 
accredit the Y chromosome as a genetic tool with the highest sensitiveness of the human nuclear 
genome for detecting admixture (Hurles & Jobling 2001). By convention, classification of Y 
chromosomes using binary SNPs refers to haplogroups or clades; Y chromosomes which are 
differentiated on the basis of STRs are denominated haplotypes; finally, the term lineage is used 
to designate Y-chromosome classifications including both types of markers (de Knijff 2000). 
 
The identification and validation of several Y-chromosomal STR loci (Y-STR) provided new 
markers with higher resolution of paternal lineage differentiation (Jobling & Tyler-Smith 2003). 
Due to lack of recombination in Y chromosome, genealogical information can be estimated at 
maximum molecular resolution as a function only of STR sequence length, a quantity, which 
depending on the STR marker, may be highly variable (Underhill & Kivisild 2007). Additionally, 
more reliable measures of genetic diversity within and among groups may be obtained with Y-
chromosomal STRs than in case of Y-chromosomal SNPs, because these latter are more prone to 
marker-ascertainment bias, i.e. systematic distortion in the data generated by the way markers are 
chosen (Jobling & Tyler-Smith 2003). 
A further special feature of the Y chromosome is the high geographical specificity of its variants 
determined by two main factors: drift and patrilocality. Allele frequencies of the Y chromosome 
are more susceptible to be affected by drift, i.e. the random sampling of Y chromosomes from one 
generation to the next one, than allele frequencies of the other nuclear chromosomes. This higher 
susceptibility to drift accelerates the differentiation of groups of Y chromosomes between 
geographical regions. Patrilocality, i.e. the case in which it is the woman the one that moves when 
heterosexual individuals marry and these do not belong to the same place, is the most general 
practice in most societies worldwide. Men, carriers of the Y chromosome, live generally closer 
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than women to their birthplace. This behavior further enhances local differentiation of the Y 
chromosome. Because of these particular features, the Y chromosome is characterized by a rapid 
evolutionary change and geographically structure drift (reviewed in: Jobling & Tyler-Smith 2003). 
All in all, the non-recombinant part of the Y chromosome may be considered as a single extremely 
polymorphic genetic locus. Since evolutionary forces acting on this segment of the Y chromosome, 
such as drift and mutations, affect it as a unit, it evolves along lineages (Jobling & Tyler-Smith 
2000). The present distribution of haplotype frequencies is the result of plenty of past events. The 
use of Y-chromosomal genetic data can provide unique insights of past events relevant to 
anthropologists, paleontologists, historians, and linguists. Nevertheless, by interpreting past events 
simplistic interpretations of Y-STR information content must be avoided, e.g., equating a lineage 
with a human socio-demographic group or a migration event. The combined effect of recent events, 
such as modern intercontinental travel or migrations during the last centuries, profoundly affects 
present frequency distribution. It is therefore of great importance to evaluate the effect of more 
recent demographic events before considering potential explanations regarding ancient ones 
(reviewed in: Jobling & Tyler-Smith 2003). 
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4  The Argentine Republic 
4.1. The Country2 
Argentina, located at the southern region of South America, is the world’s eighth largest country. 
Its official name is República Argentina (Argentine Republic) and it constitutes a federal republic 
with two legislative houses: Senate and Chamber of Deputies. Argentina’s direct neighbors are 
Bolivia and Paraguay to the north, Brazil and Uruguay to the east, and Chile to the south and west 
(Figure II-5). Its Atlantic coastline stretches some 2,900 miles (4,700 km) to the east. 
The capital city is Buenos Aires. It is located on the western shore of the La Plata River (Río de La 
Plata). Buenos Aires, together with its conurban ring Greater Buenos Aires (Gran Buenos Aires), 
achieves a population of around 13 million inhabitants, almost a third of the total population 
(INDEC 2010). Argentina's population is mostly urban (92.2 percent). It is mainly concentrated in 
the central and northern territory. Around 96 percent of the total population lives in this region 
(INDEC 2010). 62 percent of the total population resides in the triangle formed by the territory 
embraced by the three provinces Buenos Aires (including Buenos Aires city), Santa Fe, and 
Cordoba (INDEC 2010). Argentina’s economy is dependent on services and manufacturing, 
although production of cereals and livestock together with mining and tourism are important 
income sources. Major cities are La Plata, Mar del Plata, and Bahía Blanca on the Atlantic coast, 
Rosario in the littoral, and Córdoba, San Miguel de Tucumán, and Neuquén in the interior. 
Argentina's most pregnant natural landscapes include vast plains, large mountain chains, various 
forest, deserts, and tundra ecotypes, as well as rivers, lakes, and thousands of miles of ocean 
shoreline. 
                                                 
2 reviewed in: Encyclopædia Britannica (2012a). 
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4.2. Geography3 
Argentina’s territory is shaped like an inverted triangle. It covers some 1,073,00 square miles 
(2,780,000 km2), 880 miles (1,420 km) from east to west at its widest length and stretching 2,360 
miles (3,800 km) from the subtropical north at the border with Brazil, Paraguay and Bolivia to the 
subantarctic south, neighboring Chile and the Atlantic Ocean. Drainage follows a northwestern-
southeastern direction. Major exceptions are, among others, various large rivers of the Paraguay–
Paraná–La Plata River system Basin (Cuenca del Plata), including Iguazú, Uruguay, and Paraná 
River. Other main Argentine rivers are La Plata River, holding major Argentine port, and Colorado 
River, which defines the boundary between the central plains and Patagonia. 
Argentina’s natural landscapes may be divided into five distinct zones: the Andean region, the Gran 
Chaco, Mesopotamia, the Pampas, and Patagonia. 
The most characteristic feature of the broad Andean region, the Andes, is a system of north-south-
trending mountains, which extends along the total western boundary. The northern region includes 
elevations from 16,000 to 22,000 feet (4,900 to 6,700 meters), high plateaus (punas) and basins 
(10,000 to 13,400 feet; 3,000 to 4,080 meters). In the Mendoza Province lies the Aconcagua, South 
America’s highest mountain (22,831 feet; 6,959 meters). Distinct features of the southern Andean 
region, the Patagonian Andes, are series of basins –called Lake District- and several glacier 
formations, being Perito Moreno the most well-known.  
Annual average temperatures range from more than 36 °F (20 °C) in some parts of the Andean 
northwest, where continental climatic conditions occasionally occur, to below freezing towards the 
south and at higher elevations. Tundra climate (average annual temperatures below 50° F; 10°C) 
occurs above 11,500 feet (3,500 meters) in the north and at sea level in southern Tierra del Fuego. 
In the south the vegetation is austral. Mid-latitude rain forests are abundant. In the north there is 
poor and desert-like vegetation, although at higher altitudes steppe vegetation is found. 
 
                                                 
3 reviewed in: Encyclopædia Britannica (2012a). 
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Figure II-5 Topographic map of the Argentine Republic.  
Provinces (federal states) are delimited with a black line. Note that this map shows only large urban centers 
(black dot). Capital cities with relatively low number of inhabitants are not represented in this map. The 
location of the capital cities used as geographical reference of point data (see Figure III-5; Table III-1) was 
added to the original figure (red dot). Source:  Encyclopædia Britannica Online Academic Edition [Internet]. 
[place unknown]: Encyclopædia Britannica ©2013. [Figure], Patagonia [cited 2013 May 7]. Available from: 
http://www.britannica.com/EBchecked/topic/446174/Patagonia 
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Argentina’s northern central region, denominated The Gran Chaco or Chaco, comprises dry 
lowlands between the Andes and the Paraná River. It contains many wide rivers of shallow nature, 
which do not permit regular navigation. Most of them cause summer floods and dry up in winter. 
Only the Pilcomayo, Bermejo, and Salado –three of the numerous rivers watering this region- flow 
from the Andes to Paraguay–Paraná–La Plata River Basin system without evaporating en route and 
forming salt pans (salinas). 
The Gran Chaco is principally a sub-tropical zone, with severe climatic conditions. It has 
continental climate, with hot wet summers and dry extreme cold winters. While rainfall decreases 
to the west, reaching semi-arid conditions, temperatures decrease from north to south. 
The Gran Chaco vegetation is highly varied and exceedingly complex. In the western region it is 
dominated by thorn forests. Vegetation is increasingly abundant towards the east; the eastern Chaco 
presents park-like landscapes of tall, herbaceous savannas alternated with clustered trees and 
shrubs. 
 
The Mesopotamia is situated in eastern Argentina, between the Paraná, Iguazú, and Uruguay 
rivers. It is a narrow depression of 60 to 180 miles (100 to 300 km) wide. It is bounded on the west 
by the Gran Chaco, on the north by Paraguay, on the northeast by Brazil, and on the southeast by 
Uruguay. The highest region of Mesopotamia is located at the north, bordered by the highlands of 
southern Brazil, by Paraguay and Chaco to the west, and Brazil and Uruguay to the east. It stretches 
for 1,000 miles (1,600 km) southward, where merges with the Pampas south of the La Plata River. 
The north has a sub-tropical weather, with long and humid summers and mostly mild winters. 
Towards the south the climate turns milder, four seasons can be delimited. Occasional cold fronts 
from Patagonia, especially in July, bring frosts. Rainfall decreases southwards, precipitation ranges 
with precipitation average up to 2,300 mm in the northern areas and 1,300 mm in the southern part 
(Servicio Meteorológico Argentino; http://www.smn.gov.ar/serviciosclimaticos). 
Subtropical evergreen rain forest occurs in the northeast. Tall wax palms grow in the flood zones. 
Groups of trees patching grassy areas form park-like landscapes. Along the rivers grow gallery 
forests, which become denser and taller towards the north. 
Argentina's rich grasslands, called The Pampas, are centrally located. They extend between the 
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Atlantic shore and Mesopotamia, on the east, and the Andean Region, on the west. These endless 
stretching plains are subdivided into a more humid eastern and an arid western region, 
denominated, respectively, Humid Pampa and Dry Pampa. 
The Humid Pampa has hot, humid summers and cool, mild winters. Average temperatures are about 
72–75 °F (22–24 °C) in summer and about 46–55 °F (8–13 °C) in winter. The Dry Pampa presents 
more clearly differentiated temperatures between the four seasons. Average rainfall varies from 39 
inches (990 mm) in the east to 20 inches (500 mm) in areas near the Andean region (Servicio 
Meteorológico Argentino; http://www.smn.gov.ar/serviciosclimaticos). In winter cold fronts that 
move northward from Patagonia bring occasional frosts to the Pampas. 
Natural vegetation changes from knee-high grasses in the most humid areas to monte forest, where 
precipitation decreases. Much of the original flora has been replaced by agricultural crops and 
forestal trees. 
 
The southernmost portion of Argentina, Patagonia, is a cold, windy plateau. It extends some 1,200 
miles (1,900 km) south of the Colorado River to the tip of South America. Patagonian plateau 
descends sequentially east of the Andes in form of broad, flat steps. Coastal terraces extend along 
the Atlantic coastline, with higher cliffs towards the south (of more than 150 feet; 45 meters). 
Rainfall decreases westward. Semiarid, or steppe, conditions in the Atlantic region rim the arid 
(desert) core of Patagonia. In both zones evaporation exceeds precipitation and the Patagonian 
plateau remains treeless. Strong winds carry abrasive sand and dust, which markedly reduce 
visibility. 
Southern of the Colorado River shrub vegetation occurs, which further south gives way to low 
scrub vegetation alternated with green grass steppe. 
4.3. History 
Strong admixture characterizes nowadays Argentine population (Alfaro et al. 2005; Avena et al. 
2001; Corach et al. 2010; Diaz Lacava et al. 2011a; Marino et al. 2007; Toscanini et al. 2007). This 
population does not resemble the land where admixture between Spaniards and natives took place 
in the sixteenth century (Levene 2002). Three major patterns of admixture processes may be 
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differentiated according to the geographical origin and dimension of immigration: admixture 
during the colonial period, mostly between Spaniards, native people, and Africans; admixture as 
result of mass immigration, mainly from Italy and Spain; and admixture between modern Argentine 
inhabitants and migrants from neighboring countries (Levene 2002; Romero 2011). 
4.3.1. The Colonial Period 
At the time of the Spanish arrival in the XVI century, followed by colonial settlement, various 
ethnic groups populated this territory. The most developed tribes inhabited the northwest, the 
Diaguita tribe, and the northeast, the Guaraní tribe. Diaguitas settled in small hamlets with 
dwellings made of stone. They practiced irrigated agriculture in terraces, grew llamas and vicuñas, 
and were capable of producing tools, clothes, and ornaments. The Guaraní tribe inhabited the 
Mesopotamia and was semi-agricultural. Both, Diaguitas and Guaraníes, were forced into labor by 
the conquerors (Levene 2002). 
Most of the Argentine territory was inhabited by hunters and gathers. Tribes populating the flatland 
between La Plata River and the Andes received the denomination of Pampas –pampa is a native 
word and means flat land without trees (Levene 2002). This denomination included, among others, 
the Querandí tribe, populating the region of Buenos Aires, and the Araucarians, who traveled over 
the Andes. Matacos and Guaycurúes inhabited the Chaco forest; these tribes combined hunting and 
gathering with rudimentary agriculture. Tehuelches inhabited Patagonia; Tierra del Fuego was 
inhabited by Onas and Yaganes. All in all, the vast Argentine lands were low dense populated, with 
considerable less native population than other South-American territories (Levene 1992; Levene 
2002; Romero 2011). For instance, while the native Mexican population at the time of Spanish 
conquest has been estimated as 25 million, only 300,000 to 750,000 natives may have lived at that 
time in the territory of future Argentina; roughly two-third of the native population comprised 
maize-based cultures concentrated in the northwest, in the rectangle embracing the modern 
provinces of Jujuy, Salta, La Rioja, Catamarca, Cordoba, and Santiago del Estero (Rock 1987). 
In the sixteenth century a quite small number of Spaniards founded twenty-five cities, among which 
fifteen survived. Settlement pattern of the sixteenth and seventeenth centuries mirrored the 
geography of pre-conquest native culture. Except for Buenos Aires and Santa Fe, founded to secure 
The Argentine Republic 
 
33 
navigable routes to the La Plata River estuary, settlements were founded in agriculturally fertile 
areas inhabited by sedentary, agrarian tribes. These were forced to provide tribute and labor by a 
relatively small number of Spaniards set themselves as overlords of the native people (Rock 1987). 
Settlement founders came from neighboring Spanish colonies –Asunción of Paraguay, Peru, and 
Chile. These attempted to capture and to exploit natives as well as to establish direct routes to 
Europe over the main rivers flowing to the Atlantic (Romero 2011). Through Brazil arrived a large 
number of Jewish Portuguese. These were in 1622 a quarter of Buenos Aires population and they 
were also very populous in other inland cities (Levene 2002). Until the creation of the Viceroyalty 
of the La Plata River in 1776, Argentina was divided in gobernaciones and was under the political 
jurisdiction of the Spanish authorities in Peru and Chile. During this period only Spanish ships 
were allowed to approach its coasts. Overseas migration included at most Spaniards, Africans, and 
a few possible smugglers (Romero 2011). The largest number of incoming Africans was sent to the 
modern territory of Bolivia and northern regions (Rock 1987). Since almost no Spanish women 
arrived to this territory in this period –although Spain encouraged the arrival of Spanish married 
couples-, patrician families were usually created by the union of Spaniard men and chief-tribe 
daughters (Levene 1951). Beyond these special cases, the offspring of a Spaniard and a native was 
called mestizo; mestizos just incremented the number of subdued labor (Levene 2002). 
 
In the sixteenth and seventeenth centuries the largest colonial settlements laid along an arc toward 
the northeast of about thousand miles in length, connecting Buenos Aires on the La Plata River 
estuary and the silver mining city of Potosí in Upper Peru. The largest settlements were Santa Fe, 
Cordoba, Santiago del Estero, San Miguel de Tucumán, Salta, and Jujuy. The arc had two branches, 
one to the west, connecting La Rioja and Catamarca, and another to the north, connecting Asunción 
of Paraguay and Corrientes with Buenos Aires. East of the Andes was Mendoza, San Juan and San 
Luis. The rest was practically unsettled and some areas remained practically unexplored until the 
twentieth century (Rock 1987). Villages were practically isolated (Levene 2002). Main population 
elements of these settlements were Indians, mestizos, slaved Africans, who have been smuggled 
into the country through Buenos Aires, their slave descendants, and a minority of Creoles, i.e. 
Argentine-born individuals of European origin (Levene 2002; Romero 2011). Throughout the 
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territory lived in 1570 less than 2,000 Spaniards and 4,000 mestizos; the largest settlement of that 
time, Cordoba, had only 250 Spaniards (Rock 1987). At the beginning of the seventeenth century, 
in the Gobernación of Tucuman, a territory that double the size of modern Italy, there were no more 
than 700 Spaniards and twenty-four thousand natives (Levene 2002). The region where Buenos 
Aires was founded counted originally with scarce native population. Spaniards farmed with help 
of relatively few African slaves. At the beginning of the seventeenth century Buenos Aires had a 
population of around 1,000 Spaniards and a horde of African slaves (Romero 2011). 
 
In 1776 Spain created the Viceroyalty of the La Plata River, including the territories of modern 
Argentina, Paraguay, southern Bolivia and Uruguay. Buenos Aires was its capital; this city reached 
at that time a population of twenty thousand inhabitants. Cordoba, the largest settlement of the 
viceroyalty, had around a million of inhabitants (Romero 2011). 
During the first two centuries the socioeconomic growth of the grassland regions was based on 
livestock production, supported by overwhelming abundance of livestock, high price of leather and 
Spanish restrictions to agriculture production. In the eighteenth century this situation changed. 
Since 1791 Spain allowed Spanish ships to trade through Buenos Aires port, facilitating trade of 
cattle products and triggering enormous impulse to ranching activities. The Creole population had 
grown considerably. Buenos Aires, for instance, had already a population of twenty-two thousand 
inhabitants. Livestock was not any more overabundant. Nomadic natives did not find easily cattle 
outside the farms and began to raid farms' herds and women. Marginal areas began to be unsafe. 
Many Creoles neither got own farmland nor could earn their living as pawns. Livestock production 
demanded very low number of labor forces (usually performed by Africans slaves and their slave 
descendent). In those times appeared the typical figure of the open flatland, the gaucho. This term 
refers to horseback men, who lived outside the settlements, mostly homeless, malnourished and 
poorly fed (reviewed in: Levene 2002). 
The Spanish approval to transatlantic trade through Buenos Aires happened at the time of the 
Britain industrial revolution. This resulted in a markedly increase in trade with Britain accompanied 
by British settlement, who soon assimilated the Creole culture. Nevertheless, population 
composition and culture remained substantially unaltered until 1880 (Romero 2011). 
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In 1810 an open cabildo –municipal council- established Creole administration of the Viceroyalty 
of the La Plata River autonomous from Spain. The surface of the viceroyalty was equivalent to half 
of the European continent and had a total population of only one million people. In that time Buenos 
Aires had a population of forty five thousand inhabitants; one third of them were slaved Africans 
and slaved mulatos, i.e. person of African and European mixed origin. Regional economies had 
already developed important socioeconomic and ethnic differences, due to differences in natural 
conditions and unequal distribution of natives, Africans, and Spaniards. Consequently, marked 
conflict of interest among the regions characterized the beginnings of the Argentine society, which 
nevertheless remained relatively united towards the purpose of establishing and structuring the 
independent country (Levene 2002). The new local authorities introduced forthwith several 
progressive measures. Among others, titles of nobility were removed, freedom was grant to those 
who were born of slave parents, inquisition was abolished, and its torture tools were publicly 
burned. Few years later the introduction of African slaves was prohibited and official promotion of 
immigration was regulated. In 1813 it was enacted, that any slave became free just by setting foot 
in this territory; as well, all natives were relieved of any further personal services towards Spaniards 
and church members (Levene 2002). 
In 1816 the independence of Spain was declared and the new country received the name of United 
Provinces of the La Plata River. The modern territories of Paraguay, Bolivia and Uruguay soon 
separated from the new country; the territory of modern Argentina was first united in 1860 after 
years of internal wars (Levene 2002; Rock 1987; Romero 2011). 
 
At the time of separation from Spain, in 1810, native tribes had established themselves no more 
than one hundred kilometers from Buenos Aires and lived relatively peacefully (Levene 2002). 
Since the abolition of the Spanish monopoly exports from cattle production provided enormous 
benefits. Ranching and cattle manufacturing expanded rapidly and required more land and labor 
(Levene 2002; Romero 2011). In the eighteenth thirties the rural population, predominantly 
composed of Creoles, mestizos, and natives, was forced to hard labor by few ranchers with 
extensive political power (Romero 2011). All this expansion did not go along with a population of 
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the vast flatland, since ranching demanded relatively little manpower (Levene 2002). 
In 1833 a large military expedition succeeded in pushing back, devastating, or subduing the flatland 
native population up to the Negro River, which until then kept attacking frontier ranchers and 
appropriating cattle. The ranching area was enormously enlarged to the south and distributed 
among few hands, victors, friends, and regime supporters. Gauchos and arrieros (herder), solitary 
men of mixed origin, were the main labor force of the vast ranches, pursuing for wild horses and 
Creole cattle (Romero 2011). In the next two decades, until 1852, a federation led by Buenos Aires 
province ruled the country and restrained provinces' development. Buenos Aires province kept 
growing thanks to leather and tasajo production (beef dried with salt) and the revenues of its port, 
opened to any type of European product. Economy of the grass lands remained based on open-land 
ranching of lean livestock destined to the saladeros, i.e. manufacturing plants of tasajo (Romero 
2011). 
 
In 1853 a Constitution went into effect. After some modifications, this remains in essence the basis 
of the current legal system in Argentina. The new constitution adopted a political system based on 
the division of power, significantly reducing catholic-church influence in political affairs, and it 
incorporated several progressive measures of civil rights previously enacted by Creole authorities, 
e.g., it abolished slavery and nobility titles. A Constitutional law explicitly promoted European 
immigration. The law of freedom of worship was included, a step also already undertaken by some 
provinces, aiming to encourage and to support immigration. Argentina counted only one million 
inhabitants (reviewed in: Levene 2002; Rock 1987; Romero 2011). 
 
In the eighteen fifties immigration and agriculture settlement was promoted along with improved 
sheep production (Romero 2011). Railways construction began –the first line connecting the 
littoral, Cordoba, and Chile- and followed in the next decades. Migrants' towns arose along these 
railways (Levene 2002). Crop production started to grow and littoral provinces, with very rich soils 
and adequate climatic conditions, slowly began to develop. Nevertheless, provinces lived isolated 
from each other, flatland natives had resettled themselves two hundred kilometers from Buenos 
Aires city, and marginal areas, especially in the Buenos Aires province, were still assaulted by 
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nomadic tribes (Levene 2002; Romero 2011). 
4.3.2. Mass Migration Period 
In the eighteen sixties 76,000 migrants settled in Argentina and in the next decade 85,000. There 
was rapid but extremely unequally distributed growth. Most migrants settled in the littoral and in 
the largest cities (Romero 2011). The first census (1869) showed a population of 1,830,000 
inhabitants; of them 90,000 were natives and 200,000 were migrants; 80 percent were illiterate and 
80 percent lived in small mud huts (Levene 2002). Buenos Aires grew from 150,000 inhabitants in 
1865 to 230,000 ten years later (Romero 2011). Sheep production was intensified. Railways 
construction throughout the country employed large number of immigrants and their descendants 
(Romero 2011). 
In 1876 a new immigration law was passed; this new law promoted immigrant settlement but did 
not guarantee land tenure. As a consequence, migrants were recruited from regions of low living 
standards –especially from Spain and Italy- and of low technical level; these performed as rural or 
industrial labors. Some of these migrants moved seasonally between Argentina and either the land 
of origin or other countries with high demand for labor, e.g., Brazil or United States. Those who 
settled chose the littoral regions or the largest urban centers (Devoto 2009; Romero 2011). 
 
At the end of the 19th century native population was still dominating northern Patagonia, southern, 
and western flat lands. In 1879 the largest expedition against these groups began. This military 
campaign is known as the conquista del desierto –conquest of the wilderness. As its result, 32,800 
square miles (85,000 km2), a land comparable in size to the Austrian territory, passed into the hands 
of 381 people. The surviving natives were pushed aside, constrained to reservations (Rock 1987). 
After years of disputes among provinces about customs revenue of Buenos Aires' port, a law passed 
in 1880 established Buenos Aires as the capital city of the Republic Federal State of Argentina. 
Buenos Aires city became itself a federal state. At this time Argentina was still divided in three 
regions according to economic and political interests: Buenos Aires region, the littoral provinces, 
and the inland provinces (Romero 2011). While sheep production had expanded sharply and 
brought important revenues, crop production covered just self-supply needs. Urban centers had 
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grown thanks to immigration (Romero 2011). The 2,500 km of railways completed in 1880 grew 
to 10,000 km in 1890, centralized in Buenos Aires port (Levene 2002). Buenos Aires got the largest 
profit of this economic development (Romero 2011). 
In the eighteenth-eighties laws were passed guaranteeing secular, free and mandatory education, 
and civil marriage; these measures separated considerably creed from civic live and were in 
accordance with the requirements of a pluralistic society of admixed origins and creeds (Levene 
2002; Romero 2011).  
 
Mass migratory movements kept affecting Argentina until 1914. Since no concrete governmental 
migratory settlement plan was carried out, migrants settled according to their preferences. Not all 
Argentina was affected similarly. The northwestern region was more related to the actual Bolivia 
and it almost did not participate from the mass migratory movements. Seventy percent of migrants 
settled in the fertile littoral and in harbor cities. There was an increase in socio-economic 
differences among regions (Levene 2002; Romero 2011). In 1895 a quarter of the population was 
foreigner. Almost one third (30 percent) of all migrants lived in Buenos Aires city; in total, 80 
percent were concentrated either in this city or in the provinces of Buenos Aires or Santa Fe 
(Devoto 2009). Until 1914 the total population grew from about four million to eight million 
inhabitants. In 1914 thirty percent were foreign-born and 35 percent were illiterate (Levene 2002; 
Romero 2011). Of the 30 percent foreign-born that resided in Argentina in 1914, 51 percent were 
in Buenos Aires city, 43 percent were in Santa Fe and Corrientes provinces, and only 2 percent in 
the northwestern provinces of Catamarca and La Rioja. Migrants of this period were predominantly 
men with an age between 15 and 35 years (Devoto 2009).  
Since the end of the nineteenth century there were also important migratory movements of rural 
Creole population, who moved to the littoral seeking work and better wages. Cattle production 
grew in importance thanks to the installation of freezing establishments, which allowed adding 
frozen beef to livestock exports. Sheep production was shifted to southern areas, to the new 
available territories of La Pampa and Rio Negro provinces. Both were carried out mainly by large 
estates. Agriculture production had grown considerably as well. Its export volumes took similar 
dimensions of those of cattle exports. Agriculture was substantially performed in littoral regions 
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by tenant smallholders (Levene 2002; Romero 2011). 
At the end of the nineteenth century factory workers were subject to too many labor hours and were 
poorly rewarded. This situation triggered large social conflicts; in the next decades workers' 
movements were repeatedly brutally repressed (Romero 2011). 
In 1914 railways were already 30,000 km long and functioned as export routes of wood, crops, and 
beef from the Buenos Aires port; railways as well as most freezing plants belonged to foreign 
companies (Levene 2002). 
4.3.3. Increasing Admixture 
Immigration stopped during the First World War and restarted afterward (Devoto 2009; Levene 
2002). After 1920 immigration origin changed. Since its beginnings in mid-nineteenth century 80 
percent came from Italy or Spain. The new movements incorporated a large proportion of central 
and eastern Europeans: Germans, Poles, Czechoslovakians, etc. (Levene 2002). Education allowed 
migrant descendants to grow socially. Rural population kept reducing. While in 1914 there was 42 
percent of rural population, in 1930 there was only 30 percent. Cattle and crop production kept 
growing in importance and agriculture was diversified; sheep production decreased in volume and 
was further displaced to the southwestern steppes, to the regions covered from western Buenos 
Aires to Patagonia (Romero 2011).  
The international crisis of 1929 affected principally cattle producers. Conservatory sectors 
overtook the government and political opposition was persecuted (Romero 2011). Immigration was 
restrained as well (Devoto 2009; Romero 2011). 
Industrial production grew during the period between 1935 and 1941 and a new worker sector 
gathered in the urban areas (Romero 2011). At the end of nineteenth-forties only one third of all 
farmers were owners (Levene 2002). Over three million people, one fifth of the total population, 
have moved from their birth place in Argentina’s interior regions to urban centers seeking for labor 
sources. Of these, half moved to Buenos Aires and almost one third to the littoral areas (Romero 
2011). 
In the period between 1944 and 1955 Argentina underwent new social transformations: extensive 
social legislation was passed, protecting industrial and rural labors; as well, labor unions were 
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created and organized at governmental level (Levene 2002; Romero 2011). 
Overseas migration, which had almost stopped during the Second World War, arrived intensely to 
Argentina in the period between the years 1947 and 1951; it practically finished in 1960. In 1947 
overseas migrants were only 13 percent of the total population. 90 percent of these foreign-born 
resided in the littoral provinces and in Buenos Aires city. This metropolis had 35 percent of all 
overseas migrants; these were 26 percent of Buenos Aires population. In the nineteenth fifties 
overseas migration declined and in the final phase family reunification was the main migratory 
force (Devoto 2009). 
 
In 1960 only 10 percent of the population was born in Europe. Almost half were Italians, followed 
by a third of Spaniards, and 5 percent of Poles. In the region of Buenos Aires city and Buenos Aires 
province, which together accounted for 37 percent of the total population, resided 64 percent of 
these migrants; this region together with the provinces of Santa Fe and Cordoba added 90 percent 
of all Europeans, and 66 percent of the total population (Devoto 2009). 
Overseas migrants were historically predominantly male, but men-women ratios showed a 
declining tendency. At the beginnings of the nineteenth century there were 610 men for 100 women. 
In the period between 1881 and 1914 there were 300 men for 100 women, in 1895 there were 177, 
in 1947 there were 142, and in 1960 it had decreased to 110 men to 100 women. In those two 
hundred years of overseas migration persisted a tendency to marry someone of the same origin. 
This behavior was more accentuated in women than in men and in people who arrived as adults. 
Migrants' children were more open for partners of other origins (Devoto 2009). 
Migration from neighboring countries oscillated historically between two and three percent. There 
was though variation in the geographical distribution of this migration. Migrants were initially 
more attracted to areas close to their original countries; in the period between 1930 to 1970 migrants 
distributed mostly along the border zones, where they worked as rural labors. Since the 1960s, a 
time when neighboring migrants were 50 percent of the total immigration, these migrants 
concentrated principally in Buenos Aires, where they took positions in the construction sector –
mainly as industry workers- or as domestic service. In this last period the largest numbers came 
from Paraguay, followed by Chile and Bolivia (Benecia 2009). 
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Several military coups followed since 1955. Unions' activities were recurrently banned. 
Nevertheless Argentina's social structure had already changed. Factory workers had achieved the 
sense of union and political experience (Romero 2011). Armed underground groups took action 
since 1969. Violence and the economic crisis started decades ago and persisted long time after. 
Democracy was restored in 1983 but Argentina required many decades to start to recover from the 
extreme social, industrial and economic losses resulted from the military periods (Romero 2011). 
Migration from neighboring countries still arrived in similar proportions to previous decades 
(INDEC 1997; INDEC 2001). Demographic movements of domestic origin and from neighboring 
countries towards main metropolitan centers, primarily to Buenos Aires, Santa Fe, Cordoba, and 
the triangle among these cities (Rock 1987), may have reintroduced a considerable genetic 
Amerindian component in the littoral and central urban Argentina (Avena et al. 2001). 
 
Nowadays Argentine population counts with a low proportion of clearly defined native population. 
Self-identifying Amerindian groups (thirty two in total) or individuals identifying themselves as 
Amerindians or descendants contribute only to one and half percent of the total population (INDEC 
2004-2005; INDEC 2010). As groups, these are practically restricted to scanty, marginal areas 
(Bartolome 1976; INDEC 2004-2005; Sanchez-Albornoz 1994). The largest groups are the 
Mapuches, who reside in the southern-central Andean region, the Kollas, located in the northwest, 
and the Tobas, in the central-northern area (INDEC 2004-2005). The Kollas, basically 
agriculturalists and herders originals from the Bolivian high plateaus, still maintain substantial 
heritage of their pre-Columbian culture (Encyclopædia Britannica 2012b). The Mesopotamia, 
including the northeastern provinces of Misiones, Corrientes, and Entre Rios, presents a special 
case. While the local Amerindian language Guarani survived, the Guaranies did not. Rural 
population, predominantly small holders, as well as urban population consists overwhelmingly of 
European descendants. The left Amerindian communities are very small scattered, isolated groups, 
who live in precarious and impoverished conditions. Their ancestors migrated to these areas for 
some generations, presumably from Paraguay and Brazil (Bartolome 1976). 
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5  Geostatistical Analysis of an Admixed Human Population 
5.1. The Basic Scenario4 
The core concept behind the geostatistical analysis of the spatial structure of an admixed human 
population presented in this work is the evaluation of the spatial distribution of the most frequent 
groups of genetically similar individuals within an area. A scenario of a continuously populated, 
admixed region is presumed. In such a region a complex spatial pattern of genetic composition is 
expected. This region includes individuals of several genetic backgrounds (Figure III-1 a). A main 
assumption of this scenario is that individuals do not populate an area randomly; rather, genetically 
similar individuals, related to each other by familiar, cultural or just lingual bounds, tend to reside 
in geographically adjacent areas (Figure III-1 b). Considering a group of genetically similar 
individuals, this assumption implies spatial dependence5 of the probability to find one of its 
individuals at a certain location. This probability is conditional on the occurrence of this group at 
that location or in its neighborhood, i.e. within-group spatial dependence. It is further assumed 
that the spatial distribution of a group of genetically similar individuals is independent of the 
location of other groups, i.e. no spatial interference among groups. This implies that the 
                                                 
4 The introductory passages of this chapter and section 5.2.6 are partially identical to Diaz Lacava & Walier (2012). 
5 Spatial dependence occurs when observations sampled in spatially closer sites present more similar attribute values 
than observations sampled at more distant sites (Anselin & Bera 1998). 
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geographical coverage of genetically distinct groups overlaps. The spatial frequency of each group 
varies across the region, presenting areas with higher and lower frequencies (Figure III-1 b). Based 
on these two assumptions and from a methodological point of view it follows that, as first, different 
groups must be identified and then the geographical distribution of all groups must be explored and 
quantified. The regional distribution of the most frequent groups per tract of land can thus be 
assessed by jointly analyzing the distribution of all groups (Figure III-1 c). 
5.2. Genetic Geostatistical Framework 
This section presents the Genetic Geostatistical Framework proposed to evaluate the spatial 
diversity of an admixed population in a continuous region. To begin with, the methodology is 
schematically described. 
 
This assessment begins with the identification of groups of similar individuals. Individuals are 
grouped according to a single attribute (e.g., STR allele) or according to a set of attributes (e.g., 
genetically similar haplotypes). Afterwards, the spatial frequency distribution per spatial unit of 
each group is estimated by using interpolation surface methods, and stored in a raster layer, i.e. 
georeferenced regular grid representing a spatially continuous surface (Figure III-1 d-i). The 
number of computed raster layers, i.e. interpolated surfaces, equals the number of groups. The 
spatial distribution per group is regarded as one of the total number of genetic layers into which 
the genetic admixture could be decomposed. Based on these genetic layers the most frequent groups 
per tract of land can be identified. Such a query is performed on the basis of a pixel-wise screening 
through all layers. Results are stored in two new layers, also called composite raster map layers 
(Figure III-1 d-ii). At each pixel, the first layer stores the maximum frequency value of all frequency 
layers, whereas the second layer stores the label of the group accounting for the maximum 
frequency. Composite maps may be used for further spatial analysis. For example, coverage and 
frequency of the most frequent groups per tract of land may be jointly examined by overlapping 
data of both composite maps (Figure III-1 d-iii). A pixel-wise screening of the second highest 
frequency values may be performed in order to assess the spatial pattern of genetic heterogeneity 
remaining after excluding the groups with the highest spatial frequency. For an example see Figure 
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IV-5. 
 
Figure III-1 Schematic representation of a geostatistical approach for the delimitation of the 
spatial coverage of the most frequent groups in an area. 
(a) The basic scenario: an admixed area is assumed, in this scenario individuals with a certain degree of 
similarity are clustered into 3 groups indicated by squares (group 1), dots (group 2), and crosses (group 3); 
(b) spatial distribution of groups of similar individuals; (c) schematic view of the spatial coverage of the most 
frequent groups; (d) schematic example of the geostatistical assessment of the spatial coverage of the most 
frequent groups, numerically demonstrated for 3 pixels: (i) for each group, relative spatial frequency per 
spatial unit is estimated and represented in a georeferenced raster layer; each pixel stores the estimated 
spatial frequency of the group at that geographical position; (ii) for each pixel, the maximum frequency value 
of all layers is screened and two composite maps (raster layer) are created; maximum frequency values are 
stored in one layer, label of the group accounting for the maximum frequency value at each pixel is stored 
in a second layer; (iii) juxtaposing these two composite maps a new composite map is created, which 
describes the spatial coverage and frequency of the most frequent groups in an area. 
 
Below are presented the basic model, its key components and a schematic illustration of the 
assessment routine of the Genetic Geostatistical Framework. 
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A list of starting variables follows: 
n = 1, … N : number of samples (subjects), for each of which genotypic characteristics, 
symbolized by α n , and geographical coordinates of the sampling site sn = ( xn , yn ) is 
given as data; in this case study, genotypic data refer exclusively to Y-chromosomal 
data; since the human Y chromosome is constitutively haploid, the number of subjects 
equals the number of the genotyped Y chromosomes 
Q = number of parameters for the analysis of genetic variation 
k = 1, ... : number of groups ( C ), or clusters, of genetically similar individuals  
m = 1, … M : number of Y-STR loci 
a = 1, … A : in case of single-locus analysis, number of alleles identified in the sample for 
each Y-STR locus, with possibly different  A = Am , m = 1, … M ; or in case of multi-
marker analysis, number of distinct haplotypes identified in the sample, determining a 
unique A = AH ; in both cases A ≥ K will be satisfied  
l = 1, … L : number of spatial sampling units; in this case study a spatial sampling unit is a 
geographical space (region) defined by one or more contiguous provinces including a 
certain number of sampled urban areas 
x, y : any chosen geographic coordinate within the area delimited by the overall study region 
( W ) 
s = any geographical site within the study region 
U = geographical space covered by an urban area and, if present, its spatially contiguous 
periphery  
5.2.1. The Basic Model 
The following description of the basic model includes details of the most relevant parameter values 
used in the case study. This model may be suited for other parameter specifications, which are not 
specifically presented or discussed in this section.  
5.2.1.1. Parameters for the Delimitation of Groups of Genetically Similar Individuals 
In this work, parameters for the analysis of genetic variation ( Q ), used for the delimitation of 
groups of genetically similar individuals, were defined at two chromosomal levels: the single 
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marker level ( G ), and the multi-marker level ( H ). 
At the single-marker level, genetic similarity of individuals was evaluated on the basis of single Y-
STRs; each Y-STR defined a parameter of genetic variation. The number of evaluated parameters 
at this level equals the number of analyzed loci. 
 
QG = M 
 
The genetic variance of each Y-STR m  is represented by the frequency distribution of the alleles  
( α ) identified in the sample for this locus, with Am denoting the number of observed alleles. 
For each m = 1, …, M 
α ≝ α nm m 
G m 
A G m 
 
where A G is the total genetic variance at the single-marker level, i.e. the total number of observed 
alleles in the M loci. 
  
At the multi-marker level, Y-STR haplotypes were used to determine groups of genetically similar 
individuals. In the case study only one marker sequence was considered to construct the Y-STR 
haplotypes used for the geostatistical analysis; the marker sequence used to construct the haplotypes 
included all analyzed M  Y-STRs. At this level of analysis only one parameter of analysis of genetic 
variation was evaluated. 
QH = 1 
 
In this case the genetic variance is represented by the frequency distribution of all haplotypes ( α ) 
observed in the sample. This variance arises from the combinations of alleles present in the sample 
of the M  Y-STRs used to create the Y-STR haplotypes ( H ). 
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 ≝ α n = ( αn 1 , …, αnM )   
for  n = 1, …, N 
AH = # AH 
and 
AH  = {  α   A1  …  AM  } 
 
where AH is the set of all different Y-STR haplotypes observed in the sample. 
 
Within one genetic category, an individual carrying 
- an allele α m found in the sample for one Y-STR, or  
- a haplotype α   AH ⊂ A1  …  AM  as combination of Y-STR alleles conforming the 
haplotypes,  
is assumed to be genetically closer to the members of one and only one group k than to the rest of 
the groups in that genetic category. 
 
k (α)  [ 1, …, ] 
 
For each type of parameter of genetic variation ( QG, QH ), specific rules were applied to define a 
group a genetically similar individuals ( C ) and the total number of groups ( K ) in each genetic 
category. 
 
For the case of single Y-STRs ( G ) a straightforward rule was chosen: each Y-STR allele defined 
a group of genetically similar individuals. Considering one Y-STR, the number of groups 
corresponded to the total number of alleles identified in the sample for that marker. 
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For each α m  trivially: 
k  = k (α ) = α  m  
with  
KG
m = Am 
so that for each k = 1, …, KG 
Ck = {k} 
represents the kth group of genetically similar individuals. 
 
 
The delimitation of groups of genetic similarity on the bases of Y-STR haplotypes ( H ) involves 
an evaluation of the multidimensional space of genetic variants; these variants are the Y-STR loci 
used to create the haplotypes. In the case study, groups were determined performing cluster 
analysis. Genetic similarity of haplotypes, the metric used to create the distance matrix required for 
the clustering procedure, was evaluated according to the single-step mutation model (Gusmão et 
al. 2003). The final number of clusters ( KH ) was specified in an iterative fashion. For this process 
it was taken into account: (a) a priori information including, for instance, historical and 
demographic references related to the number of main ethnic groups who gave origin to the present-
day population of analysis; and (b) the consistency of the resulting composite maps, evaluated from 
a geostatistical point of view. 
For each  α   AH 
k (α)  [ 1, …, H ] 
with 
KH ≤ AH 
so that for each k = 1, …,  H 
Ck = { α  AH | k (α) = k } 
represents the kth group of genetically similar individuals. 
 
In summary, the number of groups of genetically similar individuals at the two proposed 
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chromosomal levels is given by  
  GorH  
where: 
Gm = Am is the number of alleles identified in the sample for the Y-STR locus m 
and
H ≤ AH is the number of haplotype clusters delimited for the specific set of M  Y-STR loci used in 
the case study. 
5.2.1.2. Spatial Probability 
The geographical space of analysis is defined by the study region (𝑊). 
In the case study, samples corresponded to individuals who reside in urban centers or, if present, in 
their spatially contiguous urban or semi-urban peripheral zones. 
Samples were geographically assigned to the corresponding urban centers (𝑈). Sampled urban 
centers were considered representative of larger areas, denoted spatial sampling units (𝑤𝑙), 𝑙 =
1, … , 𝐿. 
Spatial computations were performed for the total area, that is for all points (𝑥, 𝑦) ∈ 𝑊, i.e. 
represented in the case study by pixels, the minimal spatial unit of grid or raster layer. Since the 
data refer only to urban samples, strictly speaking, in the case study computed values are 
interpretable only for the areas covered by the urban centers (𝑈), that is (𝑥𝑈 , 𝑦𝑈)  ∈ 𝑈 (Figure 
III-2). 
 
A spatial sampling unit l may include several urban centers and it covers a larger area than the total 
areas covered by the urban centers included in it. For each spatial sampling unit one representative 
geographical point of the urban centers included in it (𝑥𝑐
𝑙 , 𝑦𝑐
𝑙) was specified (Figure III-2). 
(𝑥𝑐
𝑙 , 𝑦𝑐
𝑙) ∈  𝑈𝑐 ⊂  𝑊𝑙 
for each 𝑙 = 1, … , 𝐿. 
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Figure III-2 Schematic representation of the study region.  
In the case study, following geographical elements of the study region ( W ) were specified: geographical 
location ( x, y ) of a certain site ( s ) indicated by a diamond; spatial sampling units ( Wl ), delimited by a light 
grey polygon; urban centers ( U ), represented by grey areas; and location of the representative geographic 
points of the spatial sampling units ( xcl, ycl ), signaled by a triangle. 
 
 
Each group k is assumed to be distributed in the geographical space of the study region ( W ) 
according to a conditional probability f = fk ( x, y ), the probability that the allele α, sampled at a 
certain site s = ( x, y ), belongs to the group k, conditioned to the geographical position ( x, y ) of 
the sampling site.  
For each ( x, y )  
fk ( x, y ) = P ( α  Ck | s = x, y ) = 
= P ( α  Ck ∧ s = x, y ) / P ( s = x, y ) 
 
In the present case study, only the urban population of the study region is inspected. 
Part III - Materials and Methods 
 
52 
5.2.2. Computational Procedure for Determining Frequencies per Sampling Unit 
Data is given by ( α n, sn ) with  α n A  and   sn   U  ⊂  Wl   for some urban areas within some 
sample units Wl ( l = ln ). 
 
Each sample n (corresponding to one and only one individual) assigned to a group k, geographically 
linked to a spatial sampling unit l, is counted to yield the total sum per spatial sampling unit. 
Nk,l = # { n : α n  Ck ∧ sn  Wl } 
0
1


K
k
k,ll NN  
 
 
The proportion of individuals ( p ) belonging to the kth  groups at the spatial sampling unit l is 
calculated as the number of individuals in the group ( Nk,l ) in relation to the total number of 
individuals ( Nl ) at that location. 
p k,l = Nk,l  /  Nl 
p  [ 0 , 1 ] 
 
 
The estimated frequency ( q ), expressed in percentage, of individuals belonging to one group k at 
a spatial sampling unit l is obtained applying an arc sine transformation (Barbujani 1985).  
   1arcsin/arcsin100 ,lk k,l pq   
q  [ 0, 100 ] 
 
This arc sine transformation is introduced in order to spread frequency values in the spectrum of 
small and large values (Figure III-3). 
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Figure III-3 Representation of sine and arcsine transformation. 
 
5.2.3. Computational Procedure for Determining Spatial Probabilities 
The conditional probability f : W →ℝ  ( f expressed in percentage) is estimated from q by applying 
a three-dimensional interpolation function (Mitasova & Mitas 1993) with the property: 
For each l and k the conditional probability f at the geographical location of the site ( xc
l, yc
l ) 
representing the sampling unit l equals the estimated frequency ( q ) of individuals belonging to the 
kth group at the spatial sampling unit l plus a deviation of the predicted values from the measured 
values expressed as the root mean square deviation ( rms ) of f in relation to q 
fk ( xc
l, yc
l ) = qk,l ± rms with ( xc
l, yc
l ) Wl 
  
so that for each raster pixel ( x, y ) of the study area it holds that: 
0 ≤  f k ( x, y ) ≤ 100 ± rms 
and 
  rmsyxf
K
k
k 

100,
1
 
 
The spatial distribution of f may be represented on a ‘continuous’ three-dimensional raster surface 
(𝑟𝑥,𝑦,𝑧), where x and y indicate the geographical location of the r
th pixel, r = 1, …, R pixels defining 
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the study region ( W ), and z indicates the magnitude of f. 
 
While p and q refer to aggregated, spatially discontinuous data (point or raster), solely 
characterizing L spatial sampling units, f corresponds to spatially ‘continuous’ (raster) data and it 
characterizes the total study area ( W ). 
5.2.4. Spatial Overall Ranking 
Following a screening procedure (see s. 5.2.6 Screening Algorithms) it is possible to rank the  
groups of one parameter at each geographical location according to f: 
For each k = 1, …, K 
fk ( x, y ) bk ( x, y ) 
 
where bk   I, II, III,… } is the rank assigned to the group k at each geographical location ( x, y ) 
so that: 
fk
I ≥ fkII ≥ fkIII ... 
5.2.5. Composite Maps 
The screening results may be summarized in form of composite maps (see Figure III-1). A 
composite map, which displays the results for a given rank b, b  I, II, III,… }, presents the 
spatial coverage of the groups included in the rank and their estimated conditional probability f , 
expressed in percentage (%), at each geographical location ( x, y ) of the study area.  
For each given b  I, II, III,… } the new composite map, created on the basis of two overlapping 
composite raster map layers, may display following data:  
(a) estimated conditional probability f , expressed in percentage (%) 
f = fk
b ( x, y ) 
and  
(b) label of the corresponding group at each geographical location of the study area 
k = kb ( x, y ) 
defined by the condition bk ( x, y ) = b. 
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These two types of information may be graphically displayed in two-dimensional overlapped 
composite map layers (raster or vector) as follows: 
1) f ( x, y )  shading or isolines  
2) k ( x, y )  colours or gray tones 
 
Applications of these techniques can be seen for instance in Figure IV-8 or Figure IV-10. The same 
procedure may be applied to three-dimensional graphical representation of the composite maps 
(see Figure IV-3). 
5.2.6. Screening Algorithms 
Separately for each parameter of genetic variation at each one of the two chromosomal levels of 
analysis ( QG, QH ), a pixel-wise search of the k
th group with the highest f is performed. For each 
pixel of the R pixels ( x, y ) representing the study region W, group label ( k ) and frequency per 
spatial unit ( f ) are stored in two separated raster layers: MAX_1_freq and MAX_1_group. 
This procedure generates a number of maps equivalent to twice the number of parameter of genetic 
variation: 2  Q maps (Figure III-1). 
 
 
Following screening algorithms is proposed: 
i = 1 to Q  ## independent run for each parameter of genetic variation 
r = 1 to R  ## pixel-wise screening across the study region 
  
max_1_freq i,r = max( f i,1,r, ... f i,k,r ) 
max_1_group i,r =  i,r ( max( f i,1,r, ... f i,k,r ) ) 
 
 done 
 >> array: MAX_1_freq i 
 >> array: MAX_1_group i 
done 
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This procedure is repeated searching for the second (third, …) maximum value at each rth pixel. 
Results are stored in two further sets of layers: MAX_2_freqi and MAX_2_groupi. 
 
5.2.7. Assessment Routine 
This proposed Genetic Geostatistical Framework was applied in this thesis to the study of spatial 
diversity in Argentina using forensic Y-chromosomal genotypes. Figure III-4 exemplifies an 
application of this methodology to the analysis of the spatial diversity of Y-chromosomal haplotype 
data. This assessment includes two major procedures: 
 
(a) Clustering Procedure: non-spatial delimitation of groups, or clusters, which involves in case 
of haplotypes analysis a clustering analysis; this step was followed by  
(b) Geostatistical Analysis: this step includes surface interpolation of point frequency data and 
detection of spatial patterns of genetic variation. 
 
These two major analytical procedures include following analytical steps: 
(a) Clustering Procedure: 
i. all distinct haplotypes identified in the total sample are clustered according to 
genetic similarity; 
ii. cluster frequency per location (i.e. spatial sampling unit) is computed. 
 
(b) Geostatistical Analysis: 
i. cluster frequencies are georeferenced using the geographic coordinates of the 
geographic locations (sites) representing the spatial sampling unit; one point data 
layer is created for each cluster; 
ii. spatial frequency distribution of each cluster in the total study region is estimated 
conducting three-dimensional spatial interpolation of the point data layers, on the 
basis of the function Regular Tension with Spline (Mitasova & Mitas 1993), and it 
is stored in form of raster data layer; 
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iii. frequency data per pixel of all clusters are ranked performing a pixel-wise screening 
of all raster data layers; 
iv. spatial pattern of genetic variation is quantified and represented, for instance, in form 
of composite maps or three-dimensional topographies. 
 
 
 
 
Figure III-4 Workflow of an assessment routine within the Genetic Geostatistical Framework.  
Main analysis steps of an assessment routine to evaluate a spatial pattern of genetic variation are shown. 
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In the present thesis non-spatial descriptive statistics and clustering procedure were performed with 
the software package SAS (Statistical Analysis Software, SAS Institute Inc., Cary, NC, USA; 
http://www.sas.com/) and geostatistical analysis with the open-source geographic information 
system GRASS GIS (Geographic Resources Analysis Support System; http://grass.itc.it/). 
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6  The Case Study 
6.1. Urban Male Argentine Genetic Admixture6 
The approach described in the previous chapter was applied to the analysis of forensic Y-STR 
Argentine data. 
In recent years there has been much attention to Argentine population stratification (Alfaro et al. 
2005; Corach et al. 2010; Diaz Lacava et al. 2011a; Dipierri et al. 2005; Marino et al. 2008; 
Toscanini et al. 2007). In a rather short historical period the Argentine population went through 
massive demographic changes. Overwhelmingly large immigration waves populating Argentina 
since the 1850s introduced a strong male European component (Avena et al. 2001; Corach et al. 
2010; Levene 1992; Rock 1987). 
This relatively recent immigration largely diluted the previous admixture and played a major role 
in modulating the present Argentine genetic background (Avena et al. 2001; Corach et al. 2010). 
As result of almost two hundred years of admixture among previously settled populations and 
worldwide incoming lineages, a complex spatial pattern of genetic variation is expected. Questions 
related to the history, extent, and geographical structure of admixture and the characteristics of 
nowadays genetic composition were addressed under several perspectives (Alfaro et al. 2005; 
Avena et al. 2001; Corach et al. 2010; Diaz Lacava et al. 2011a; Dipierri et al. 2005; Marino et al. 
2008; Sala et al. 1998; Toscanini et al. 2007). 
From a methodological point of view, two main factors contribute to make the study of this 
population interesting. On one hand, the expected complex admixture poses a methodological 
challenge. On the other hand, since most influencing socio-demographic processes affecting 
contemporary Argentine genetic background took place in a relatively recent and short historical 
period, there are enough historical, ethnological, and census data available to analyze and validate 
                                                 
6 Contents of this chapter are partially identical to Diaz Lacava & Walier (2012). 
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the results. 
Two evaluations regarding the spatial pattern of genetic admixture of the contemporary Argentine 
population were specifically addressed in this work:  
(a) regional distribution of the most frequent alleles per Y-STR locus, and 
(b) regional distribution of the most frequent groups of genetically similar Y-STR 
haplotypes. 
In each case, composite maps were created showing the estimated spatial coverage of the most 
frequent groups. Transects were constructed displaying the spatial distribution of group frequencies 
across the study region. The worldwide provenance of most frequent haplotypes was inspected. 
6.2. Study Region and Spatial Sampling Units 
The study region covers central and northern Argentina. It includes 10 sampled provinces and 10 
further provinces within the area circumscribed by the sampled provinces (Figure III-5). These 20 
provinces (out of a total of 24 Argentine provinces) represent 80 percent of the total Argentine area. 
It is worth noting that the sampled area contains the absolute majority of the total population. 
Argentina is an extremely centralized and highly urbanized country. While the 10 sampled 
provinces include 75 percent of the total population, the study region includes 98 percent (INDEC 
2010).  
 
Spatial sampling units were primarily defined by sampled provinces. Sampled provinces with small 
number of samples were aggregated to neighboring sampled provinces. As a result, out of 10 
sampled provinces 6 spatial sampling units were defined (Figure III-5; Table III-1).  
 
Geographical coordinates of provincial capital cities were used to georeference genetic frequencies 
q to the spatial sampling units (see s. 5.2.1 The Basic Model). In case of spatial sampling units 
containing more than one provincial capital city (i.e. aggregated sampled provinces) the capital city 
of the province with the largest number of samples was used as georeferenced point. 
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Figure III-5 Study region.  
The study region (thicker contour) included 20 of the 24 Argentine provinces. Six spatial sampling units were 
delimited out of 10 sampled provinces (1a: Buenos Aires; 1b: Santa Fe; 2c: Corrientes; 2d: Misiones; 3: 
Chaco; 4: Jujuy; 5: Tucuman; 6e: San Luis; 6f: Mendoza; 6g: Rio Negro). Grey circles show capital cities 
used as geographical reference of point data. The inset shows Argentina’s location in South America. 
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Table III-1 Description of the sampling units 
SID Sampling Unit n Cov  Georeference Province 
1 Santa Fe 20 15.9  Santa Fe Santa Fe 
Buenos Aires 
2 Misiones 8 4.3  Posadas Misiones 
Corrientes 
3 Chaco 7 3.5  Resistencia Chaco 
4 Jujuy 18 2.0  Jujuy Jujuy 
5 Tucuman 33 0.8  Tucuman Tucuman 
6 Mendoza 59 15.3  Mendoza Mendoza 
San Luis 
Rio Negro 
 
SID: sampling-unit identification (see Figure III-5); n: number of samples; Cov: spatial coverage in percentage in 
relation to the study region; Georeference: capital city used as geographical reference of point data; Province: provinces 
(federal states) included in the spatial sampling unit. 
6.3. Subjects and Genotypes 
DNA material was obtained from 145 unrelated male Argentine citizens in year 2007. Donors were 
recruited in the framework of legal paternity testing. No sampling bias may be assumed due to 
socio-economic condition of donors; depending on the socio-economic situation of the donor 
paternity-testing costs were either privately or publicly financed. Sampling did not include any 
restriction related to the donor’s ethnic background. Care was taken that neither closely related 
individuals nor non-Argentine citizens were included in the sample. Since sampling did not include 
any further restrictions, this data set may be regarded as a random sample of the present male urban 
Argentine population in the study region. Samples and genotypes were treated anonymously, 
following local ethical restrictions. Samples were solely referenced to the sampled province 
(federal state), thus guaranteeing donor anonymity. 
 
DNA was extracted from blood stains or buccal swab specimens by conventional organic extraction 
methods. DNA was prepared and genotyped at the DNA Analysis Unit, Official College of 
Pharmacists and Biochemists, Buenos Aires, using the commercial typing kit PowerPlex Y System 
(Promega, Madison, Wisconsin; http://www.promega.com/) –DYS19, DYS385a/b, DYS389I/II, 
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DYS390, DYS391, DYS392, DYS393, DYS437, DYS438, and DYS439- in a 25 μl reaction 
volume, as specified by the manufacturer. Detection of the amplified fragments was done using the 
ABI Prism 377 (Applied Biosystems, Foster City, California; http://www.appliedbiosystems.com/). 
PowerTyper Y Macro (Promega, Madison, Wisconsin; http://www.promega.com/) was used to 
assign the alleles. DYS385 was excluded from the analysis since it is not possible to unequivocally 
assign one allele to a specific locus (Gusmão et al. 2003). 
 
Alleles were coded in terms of the number of variable repeats, in agreement with the freely 
accessible worldwide YHRD database (http://www.yhrd.org/). Y-STR loci –DYS19, DYS389I/II, 
DYS390, DYS391, DYS392, and DYS393- were combined to define haplotypes. Haplotypes were 
denoted by listing the seven alleles in the same order as in YHRD, concatenated by a dash (i.e. 
DYS19 _ 389I _ 389II _ 390 _ 391 _ 392 _ 393). 
Most probable worldwide provenance of frequent haplotypes was investigated. Historical and 
ethnological data (Bartolome 1976; Rock 1987; Sanchez-Albornoz 1994) indicate that the 
contemporary Argentine population to the greatest extent is the result of modern admixture arisen 
from major immigration processes, officially promoted since the 1850s. This relatively new and 
long-lasting immigration arrived from all over the world. It largely outnumbered the colonial 
population and most probably diluted a previous admixture among a reduced group of sedentary 
Amerindian populations, Spaniards, and some other minor ethnicities (Levene 1951; Levene 1992; 
Rock 1987; Sanchez-Albornoz 1994). Since Y-STR haplotypes are paternally inherited as a block, 
without recombination, it was assumed that the worldwide distribution of a haplotype would 
provide a good clue about the region where that haplotype came from before it integrated into the 
Argentine population. All different haplotypes identified in the sample were ranked according to 
their absolute frequency. The worldwide geographical distribution of the most frequent haplotypes 
was inspected. Relative frequency and worldwide geographical distribution were searched in the 
YHRD database (http://www.yhrd.org/). 
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6.4. Genetic Frequencies 
6.4.1. Computation of Y-STR Allele Frequencies 
Allele frequencies of each of the seven Y-STR loci were scored by single-gene counting procedures. 
Bar plots of each Y microsatellite showing the allele frequencies were created with the basic module 
barplot of the R software package, version 2.11.1 (R : A Language and Environment for 
Statistical Computing; http://www.r-project.org/; R Development Core Team, 2010-05-31). 
6.4.2. Computation of Spatially Aggregated Frequencies 
At the single locus level, groups of genetic similarity were defined based on the Y-STR alleles 
identified in the sample. 
At the multi-locus level, first the Y-STR sequence used to create haplotypes was specified. Two Y-
STR sequences were inspected: 
a) 5 STRs: DYS19, DYS390, DYS391, DYS392, DYS393 (i.e. Corach et al. 2001). 
b) 7 STRs: DYS19, DYS389I/II, DYS390, DYS391, DYS392, DYS393 (standard ‘core’ 
of the minimal YHRD 7-Y-STR haplotype; http://www.yhrd.org/; Roewer et al. 2001). 
For this purpose and separately for each of both sequences, all different haplotypes were identified 
and then grouped in 3 clusters according to the clustering procedure described below in this section. 
Subsequently, one histogram per cluster and per sequence was created. Haplotypes were sorted 
alphanumeric. Only haplotypes with an absolute frequency larger than two were included. Of both 
sets, the YHRD 7 Y-STR sequence was selected for the construction of the haplotypes. This set 
showed a better differentiation of the sample indicated in the histogram by a more balanced 
distribution shape among clusters (Figure III-6). 
All different haplotypes (minimal YHRD 7-Y-STR haplotype) were identified and grouped 
according to molecular distance following the widely accepted stepwise mutation model (Gusmão 
et al. 2003; Gusmão et al. 2005). A total of 4 clusters were delimited using the statistical software 
package SAS v. 9.1. (Statistical Analysis Software, SAS Institute Inc., Cary, NC, USA; 
http://www.sas.com/; clustering method: Ward; Euclidean distance). 
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Figure III-6 Histogram showing the number of samples per haplotype and per cluster. 
Most frequent haplotypes per cluster are displayed and correspond to following two Y-STR set: 5 Y-STR set 
(DYS19, DYS390, DYS391, DYS392, DYS393; i.e. Corach et al. 2001); 7 Y-STR set (DYS19, DYS389I/II, 
DYS390, DYS391, DYS392, DYS393; http://www.yhrd.org/; Roewer et al. 2001); italics highlight additional 
STRs to the 5-Y-STR set7. 
                                                 
7 This figure is partially identical to Diaz Lacava et al. (2007). 
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The most appropriate number of clusters fitting the data was chosen on the basis of geostatistical 
results, the composite maps (see s. 5.2.4 Spatial Overall Ranking). This step pursued to maximize 
the regionalization and to minimize the number of regions not supported by the data, i.e. 
maximization of the number of differentiated areas including spatial sampling units. This 
explorative procedure was performed inspecting the spatial results based on 3, 4, 5, and 7 clusters. 
The proportion of individuals per spatial sampling unit (𝑝) was computed with the SAS procedure 
proc freq according to the specifications presented in s. 5.2.2 Computational Procedure for 
Determining Frequencies per Sampling Unit. The arc sine transformation  𝑝 → 𝑞 (see s. 
5.2.2 Computational Procedure for Determining Frequencies per Sampling Unit) was performed 
with SAS basic modules. 
6.5. Geostatistical Analysis 
Geostatistical analysis was performed with the open-source geographic information system 
GRASS GIS v. 6.4. (Geographic Resources Analysis Support System; http://grass.itc.it/). 
6.5.1. Surface Interpolation 
Separately for each k group, i.e. delimited by each allele of the seven Y-STR loci and by each one 
of the four haplotype clusters, genetic frequencies per spatial sampling unit ( qk ) (see s. 5.2.2 
Computational Procedure for Determining Frequencies per Sampling Unit), were referenced to the 
spatial sampling units (see s. 6.2 Study Region and Spatial Sampling Units) and imported into 
GRASS GIS as point data layers. Based on each point data layer one interpolated surface (i.e. raster 
layer) was created. Surface interpolation was performed using the function ‘regularized spline with 
tension’, implemented in the module v.surf.rst (Mitasova & Mitas 1993). This method 
computes the values of the interpolated surface using a function which simulates a thin flexible 
plate passing through or close to the points (Mitasova & Mitas 1993). Splines are flexible to model 
differential local patterns based on change of elastic properties of the interpolation function. Splines 
proved to be rather successful for cases where the phenomena have less random components 
(uncertainty) and are more driven by processes which minimize energy (Neteler & Mitasova 2004). 
Since it seemed intuitive to assume that the genetic admixture of a region may be more influenced 
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by local socio-demographic processes than by random processes (uncertainty), the spline function 
was selected as the best choice to model genetic layers representing the spatial distribution of 
groups of genetically similar individuals by means of surface interpolation. The GRASS GIS 
implementation of the spline function offers the possibility to optimize final surfaces by parameter 
tuning. Explorative runs were performed varying the tuning parameters smooth and tension. While 
the tension parameter adjusts the character of the interpolated surface (peak/pit (‘crater’) vs. stiff-
plate landscape), the smoothing parameter regulates the deviation between point data and 
interpolated data at the interpolation site, i.e. smooth=0 implies no deviation between both values 
at the interpolation sites (Neteler & Mitasova 2004). Tuning of these two parameters was performed 
pursuing to achieve minimal statistical error (also called predictive error) defined by root mean 
squared deviation (rms) (Neteler & Mitasova 2004), to reduce interpolation artifacts (e.g., several 
neighboring stripes, extremely small or unexpected patches), and to increase the number of regions 
detected with the final composite maps (see s. 5.2.5 Composite Maps). It could be verified that the 
effect on the resulting surface of varying one parameter showed a strong dependence on the value 
of the other parameter (probably attributable to the relatively low number of interpolation sites). 
Therefore, in order to simplify interpretation of geostatistical results, while the value of tension 
parameter was fixed to the default value (tension=40), smoothing values were optimized. The effect 
of solely varying smoothing values is presented in Figure III-7. As the smoothing parameter 
increases, the landscape shape becomes more even and the differentiation between the site values 
vanishes. Note that the interpolation function obtained with smooth=0 passes exactly through the 
data points ‘Jujuy’ and ‘Mendoza’, but it presents a valley, which is not supported by the data (i.e. 
interpolation artifact). A lower smoothing value may be appropriate for cases in which 
interpolation-site data may represent the proximal surroundings. A higher smoothing value may be 
suited when the interpolation-site data may represent a broader region. Since only one geostatistical 
parameter was tuned (smooth), to model the genetic landscape best-fitting the data was equivalent 
to select the most appropriate smoothing value. Applying this concept to the modeling of the 
geographical distribution of Y-chromosome frequencies, principally affected by migration in the 
time scale of the present study, varying the smoothing value may be considered equivalent to tuning 
the degree of migration of each specific group (𝑓𝑘) among regions. An interpolation surface 
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obtained with lower smoothing values may best represent a scenario of lower migrant rates among 
regions; higher values may fit better a scenario of higher migration rates among regions. 
6.5.2. Creation of Composite Maps 
Composite map layers were created with the basic GRASS GIS module r.mapcalc using the 
procedure described in s. 5.2.6 Screening Algorithms. One layer type displayed the spatial 
distribution of the maximum (and second maximum) frequency values among groups and the 
second showed the spatial distribution of groups accounting for the maximum (and second 
maximum) frequency (where groups were defined by Y-STR alleles or by haplotype-cluster 
membership). 
In case of the analysis at the locus level (Y-STR), the composite maps storing frequency values, 
MAX_1_freq and MAX_2_freq (see s. 5.2.6 Screening Algorithms), were used for tuning and 
visual evaluation of result consistency. The composite maps MAX_1_group and MAX_2_group 
were exported and saved as graphics for result presentation. The exported graphics separately 
showed for each Y-STR the regions where one allele presented the maximum (as well as the second 
maximum) frequency per tract of land in relation to the other alleles. 
At the haplotype level, composite maps storing frequency values, MAX_1_freq and MAX_2_freq 
(see s. 5.2.6 Screening Algorithms), were used for tuning and visual evaluation of result consistency 
as well as for further analysis. Coverage and frequency of the most frequent and the second most 
frequent clusters of Y-STR haplotypes (MAX_1_group/MAX_1_freq and 
MAX_2_group/MAX_2_freq respectively) were displayed in form of composite maps and three-
dimensional views (see s. 5.2.5 Composite Maps). 
Composite maps were constructed using two approaches. First, colors were used to display group 
(cluster) coverage and shades to display frequency values. Second, tones were used to display 
group (cluster) coverage and contour lines were used to display frequency values. 
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Figure III-7 Impact of smoothing parameter on the resulting surface.  
Three interpolated surfaces were created from the cluster-2 frequency data with default tension values 
(tension=40) and varied smoothing values: a) smooth=0; b) smooth=2; c) smooth=10. A profile transect was 
drawn between the interpolation sites Jujuy (starting point) and Mendoza (end point). The chart on the left 
shows the raster values of the interpolated surfaces along the transect. Note that the interpolation function 
obtained with smooth=0 passes exactly through the data points ( q ) measured in Jujuy and Mendoza (see 
s. 5.2.2 Computational Procedure for Determining Frequencies per Sampling Unit). 
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Contour-line layers were created based on these frequency maps using the GRASS GIS module 
r.contour. Contour lines were set along points of equal f, where f is the estimated frequency 
per pixel (in percent) of a certain group (see s. 5.2.3 Computational Procedure for Determining 
Spatial Probabilities), with a step of 0.5 percent difference. A second set of contour-line layers was 
created with larger steps. On the basis of the map MAX_1_freq, contour lines were delineated 
along the values: 35, 37.5, 40, 42.5, and 45 percent. For the map MAX_2_freq contour lines were 
constructed along the values: 30, 32.5, 35, and 36.5 percent. Final graphics were exported showing 
the regional distribution of the clusters with the maximum (as well as the second maximum) 
frequency per tract of land and the respective spatial distribution of frequencies. The spatial 
distribution of frequencies was displayed juxtaposing contour lines to the regional maps, 
MAX_1_group and MAX_2_group.  
Three dimensional views (3d) were created to complement this latter type of representation of the 
data. In these 3d views coverage of groups were represented with the same colors used in the 
composite maps; surface elevation displayed spatial frequencies. 3d views were created with the 
GRASS GIS module NVIZ visualization suite. 
The spatial pattern of frequencies was further inspected on the basis of transects. For each frequency 
map, MAX_1_freq and MAX_2_freq, one transect was set up between the local maximum value 
in the central region and the local maximum value in the northwest region. Frequencies (in percent) 
were measured along transects and profile charts were created with the interactive GRASS GIS 
module profile. Maps, 3d views and charts were exported and saved as graphics for result 
presentation. 
6.6. Characterization of Y-Chromosome Ancestry  
Geographical ancestry of haplotypes was investigated using two approaches. First, it was assumed 
that the most probable geographical origin of a haplotype is the region where that haplotype 
presents the highest frequency (i.e. Salas et al. 2008; Gusmão et al. 2003). Second, the geographical 
ancestry of the Y-chromosome haplogroup most likely corresponding to a haplotype was analyzed. 
In this latter case, each haplotype was searched in YHRD (http://www.yhrd.org/). For each 
haplotype, the distribution of worldwide frequencies as well as the number of haplogroup matches 
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was inspected. The number of occurrences per geographical region of a haplotype in this worldwide 
database was assumed to provide a strong evidence of its most probable geographical origin. The 
worldwide geographical distribution of each haplogroup of interest was extracted from the 
literature. 
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Part IV - Results 
7  The Genetic Heterogeneity of the Urban Argentine Population 
7.1. Frequency Distribution of Y-STR Alleles8 
All seven Y-STR loci –DYS19, DYS389I/II, DYS390, DYS391, DYS392, and DYS393- were 
polymorphic and presented from 3 to 8 alleles. Allele frequency distributions of the seven loci are 
shown in Figure IV-1. All loci presented a unimodal distribution except for DYS392, clearly 
showing a bimodal allele-frequency distribution. With the exception of DYS389II, unimodal loci 
presented one frequent allele and less-frequent alleles differentiated from the next most-frequent 
allele by a single repeat unit. By DYS389II, allele 27 was not detected in the sample. Allele 
frequency distribution of all seven loci is in good accordance with the results of a global survey of 
986 males including a large number of European samples (n = 470) (Kayser et al. 2001). In every 
case, the most-frequent allele as well as the shape of the allele frequency distribution in relation to 
the less-frequent alleles matched global allele-frequency distribution, as described by Kayser et al. 
(2001). A less-frequent allele of DYS392 (allele 17) was found in the Argentine sample and not in 
the global survey (Kayser et al. 2001). This result is consistent with a higher genetic variance of 
DYS392 in the Argentine population in relation to globally distributed populations, as reported by 
Kayser et al. (2001). On the other hand, a less-frequent allele of DYS389II (allele 27) detected in 
                                                 
8 Contents of this chapter are partially identical to Diaz Lacava & Walier (2012). 
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the global survey (Kayser et al. 2001) was absent in this sample (see above). 
 
 
 
Figure IV-1 Allele frequency distribution of seven Y-STR loci.  
For each locus, allelic notation (designated in number of repeats) is indicated on the x-axis; observed 
frequencies (n = 145) are shown on the y-axis. 
 
 
7.2. Frequency Distribution of Y-STR Haplotype Frequencies 
Out of a total of 145 males 97 different haplotypes were identified. Seven different haplotypes were 
found in three or more individuals (Table IV-1). 18 haplotypes were detected twice and 72 
haplotypes only once. 
 
Table IV-1 Absolute frequency and cluster assignment of frequent haplotypes 
Haplotype n (%) Cluster (%) 
14_13_29_24_10_13_13 9 ( 6.2 ) 1 ( 20.9 ) 
14_13_29_24_11_13_13 6 ( 4.1 ) 1 ( 14.0 ) 
14_14_30_24_11_13_13 6 ( 4.1 ) 3 ( 15.8 ) 
14_13_30_24_11_13_13 5 ( 3.4 ) 3 ( 13.2 ) 
13_14_31_23_10_16_14 5 ( 3.4 ) 2 ( 18.5 ) 
14_13_29_23_11_13_13 3 ( 2.1 ) 1 ( 7.0 ) 
14_13_30_23_10_11_12 3 ( 2.1 ) 3 ( 7.9 ) 
Total 37 ( 25.5 )   
 
This table lists haplotypes found in three or more individuals; the percentage (%) of samples carrying the haplotype in 
relation to the total sample (n = 145) and to the number of samples per cluster are indicated in parentheses. 
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About 25 percent of the sample (n = 37) carried one of seven different haplotypes (Table IV-1). 
The rest 75 percent of the sample (n = 108) corresponded to the haplotypes with an absolute 
frequency equal or smaller than two. These figures are in agreement with the expected strong 
admixture of the Argentine population (Alfaro et al. 2005; Avena et al. 2001; Corach et al. 2010; 
Diaz Lacava et al. 2011a; Marino et al. 2007; Toscanini et al. 2007). 
According to the worldwide YHRD database (http://www.yhrd.org/) the most frequent haplotype 
(14_13_29_24_10_13_13; n = 9; Table IV-1) shows higher frequencies in Western Europe, and 
only one frequent haplotype of this sample (13_14_31_23_10_16_14; n = 5) shows higher 
frequencies in South America. 
7.3. Spatial Diversity at the Y-STR level 
One interpolated surface was created for each allele of each one of the seven Y-STRs. In total, 36 
interpolated surfaces were obtained. Table IV-2 lists the selected smooth-parameter value and 
minimum and maximum root mean square deviation (rms) of all interpolated surfaces per Y-STR 
locus (estimated spatial distribution of allele frequencies). 
 
Table IV-2 Goodness of fit for spatial interpolation frequencies of Y-STR loci 
  rms 
Y-STR a smooth min max 
DYS19 5 0.5 1.01 6.88 
DYS389I 4 0.2 0.63 2.56 
DYS389II 7 1.0 1.32 6.35 
DYS390 5 0.5 1.04 4.88 
DYS391 3 0.2 1.78 2.17 
DYS392 8 0.5 1.00 5.43 
DYS393 4 0.5 1.82 3.86 
 
This table shows the goodness of fit for the interpolated data per Y-STR locus on the basis of root mean square deviation 
values (rms); min and max: minimum and maximum rms values of all a interpolated surfaces, obtained by surface 
interpolation of q, where q is the estimated Y-STR allele frequency (in percent) at one sampling location (see s. 5.2.2 
Computational Procedure for Determining Frequencies per Sampling Unit); a: number of alleles per locus, 
corresponding to the total number of interpolated surfaces per locus; smooth: smooth-parameter value used for the 
interpolation procedure. 
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For each Y-STR two composite maps were created by jointly screening the spatial frequency 
distribution of the alleles. Regional-specific allelic differences were indicated by the composite 
maps (Figure IV-2). Allelic differentiation of the northwest region was observed for the loci 
DSY19, DSY389I, DSY389II, and DSY390. In every case, one allele presented the highest 
frequency almost everywhere in the study region and the second highest frequency in the northwest, 
where a second allele showed the highest frequency. DSY19 and DSY389I presented a third allele, 
which had the second highest frequency in central Argentina. DSY389I presented as well an allelic 
differentiation in the Misiones Province, located in northeastern Argentina. DSY389II was the only 
locus which presented three areas of allelic differentiation in the MAX_1_group map: central, 
northwest, and northeast. The MAX_2_group map showed in the northwest a transition zone, 
evidenced by a stripe pattern. This stripe pattern arose due to very similar frequencies of all three 
alleles in the same region. This result is in good agreement with the expected high genetic variance 
of DSY389II (Kayser et al. 2001). DSY389II composite maps indicate that (a) this microsatellite 
may allow a differentiation of the male Argentine population among three main socio-demographic 
regions, and (b) the highest variance of this locus may be primarily centered in the northwest of 
Argentina. Further deeper analysis will be necessary to confirm these observations. 
DSY391 and DSY392 presented a quite similar spatial pattern to the previously described loci but 
differed in the geographical area where a second allele showed the highest frequency. While one 
allele had the highest frequency over the largest portion of the study region, another had the highest 
frequency in the central northern area, a region known as the ‘Argentine Chaco’ (Figure IV-2). 
A single allele of DSY393 had the highest frequency all over the study region. The two next most-
frequent alleles (Figure IV-1) had the second highest frequency, one in the northern and the other 
in the southern portion of the study region (Figure IV-2). 
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Figure IV-2 Spatial distribution of the most frequent alleles per Y-STR locus. 
Gray coding indicates the allelic notation (in number of repeats). Each region in the composite maps delimits 
an area where one allele presented: (a) the highest frequency (left map), and (b) the second highest 
frequency (right map). 
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The observed spatial patterns of allelic differentiation of all seven Y-STR loci considered as a whole 
indicate strong regional differentiation of the northwest in relation to the rest of the Argentine 
territory as well as lower differentiation of two other regions: the Argentine Chaco and the central 
and littoral Argentina. The spatial patterns observed at the Y-STR level corroborate prior 
expectations of regional genetic differentiation of the contemporary male Argentine population 
(Alfaro et al. 2005; Corach et al. 2010; Marino et al. 2007; Marino et al. 2008; Toscanini et al. 
2007). 
7.4. Spatial Diversity of Y-STR Haplotypes 
The YHRD data base (http://www.yhrd.org/) was searched to investigate the most probable 
worldwide origin of frequent haplotypes according to the haplotype frequency distribution and the 
inferred haplogroup status. 
The clustering procedure sorted different haplotypes into relatively similar clusters with respect to 
both total count of different haplotypes and total count of samples per cluster (Table IV-3). 
Haplotypes with an absolute frequency larger than two were assigned to the first three clusters 
(Table IV-1). 
 
Table IV-3 Frequency distribution of haplotypes and samples per cluster 
Cluster hap (%) n (%) 
1 24 ( 24.7 ) 43 ( 29.7 ) 
2 19 ( 19.6 ) 27 ( 18.6 ) 
3 23 ( 23.7 ) 38 ( 26.2 ) 
4 31 ( 32.0 ) 37 ( 25.5 ) 
Total 97 ( 100.0 ) 145 ( 100.0 ) 
 
The percentage (%) of different haplotypes (hap) and samples (n) in relation to total figures are indicated in 
parentheses. 
 
Smooth-parameter value, minimum and maximum values of the interpolated surfaces, minimum 
and maximum values of the sampled data, and the root mean square deviation (rms) per cluster 
layer are shown in Table IV-4. 
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Table IV-4 Goodness of fit for spatial interpolation of Y-STR haplotype cluster frequencies 
Cluster smooth rms min [ q ] max [ q ] 
1 0.5 1.78 33.6 [ 32.8 ] 44.9 [ 46.8 ] 
2 1.5 7.45 21.3 [ 18.8 ] 47.1 [ 60.8 ] 
3 2.0 16.71 15.7 [ 0.0 ] 39.8 [ 58.0 ] 
4 2.0 14.58 13.3 [ 0.0 ] 37.3 [ 54.6 ] 
 
The goodness of the interpolated data is shown on the basis of the root mean square deviation (rms) of the interpolation 
surfaces and the minimum (min) and maximum (max) values obtained by surface interpolation of q, where q is the 
estimated cluster frequency (in percent) at a sampling location (see s. 5.2.2 Computational Procedure for Determining 
Frequencies per Sampling Unit); smooth: smooth-parameter value used to perform surface interpolation. 
 
According to the YHRD database (http://www.yhrd.org/) the most frequent haplotypes (n ≥ 3) of 
cluster 1 and of cluster 3 (Table IV-1) are most frequently registered throughout the world in 
Western Europe and with considerable frequency in North and South America. One of these 
haplotypes (14_13_30_23_10_11_12; n = 3; cluster 3; Table IV-1) also shows higher frequencies 
in the Middle East and in Southern Asia. 
The most frequent haplotype of cluster 2 (13_14_31_23_10_16_14; n = 5; Table IV-1) presents 
higher frequencies of matches in Latin America and in North Africa. Non-unique cluster-4 
haplotypes (n = 2) are scarcely distributed throughout the world, with higher frequency of matches 
either in South America, Africa or southeastern Asia (http://www.yhrd.org/). These figures indicate 
that haplotypes grouped into cluster 1 and cluster 3 were introduced most probably by immigrants 
or immigrant descendants from Western Europe. Haplotypes grouped into cluster 2 correspond 
most probably to descendants from local Amerindian populations and those grouped into cluster 4 
are of admixed origin. 
Cluster 1 was found to be present with the highest frequency in 86 percent of the study region 
(Figure IV-3) and second highest frequency in the rest (Figure IV-4). In the northwest, cluster 2 
accounted for the highest frequencies (Figure IV-3). This region covered 13 percent of the study 
region and included the provinces of Jujuy and Salta. In the northeast, in the region corresponding 
to the Misiones Province, cluster 3 was the highest in frequency (one percent of the study region) 
(Figure IV-3). In the littoral area cluster 4 had the second highest frequency after cluster 1 and it 
covered 52 percent of the total study region (Figure IV-4). 
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Figure IV-3 Spatial distribution of the most frequent Y-STR haplotype clusters. 
(a) Composite map showing the geographical distribution of the most frequent clusters of Y-STR haplotypes; 
(b) 3d view of the spatial distribution of the most frequent clusters. Lighter shading indicates higher spatial 
frequency values. Diamonds show capital cities used as georeference of point data. 
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Figure IV-4 Spatial distribution of the second most frequent Y-STR haplotype clusters. 
(a) Composite map showing the geographical distribution of the second most frequent clusters of Y-STR 
haplotypes; (b) 3d view of the spatial distribution of the second most frequent clusters. Lighter shading 
indicates higher spatial frequency values. Diamonds show capital cities used as georeference of point data. 
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The highest frequencies of cluster 1 were measured in the Argentine littoral, centered in Santa Fe 
and surroundings (Figure IV-5 a). Although cluster 1 presented the highest frequencies over the 
largest area, its maximum frequency values were lower than maximum cluster-2 frequency values, 
measured in the northwestern region (Figure IV-3 b).  
 
Evaluating the spatial distribution of frequencies in the study region, it was observed that the 
highest values were registered in the northwest, in the Jujuy Province, where cluster 2 was the most 
frequent cluster (Figure IV-5). These highest global frequencies are an indication that the northwest, 
where cluster 2 is the most frequent cluster, is less admixed than the rest of the territory. 
 
 
 
 
Figure IV-5 Isoline maps showing the spatial distribution of Y-STR haplotype clusters. 
(a) Spatial distribution of clusters accounting for the highest frequencies; (b) spatial distribution of clusters 
accounting for the second highest frequencies. Contour lines (white lines) of cluster frequencies (in percent) 
have been drawn (thinner line: step=0.5 percent; frequency values corresponding to thicker lines are shown 
in the map). 
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Figure IV-6 a shows a profile of frequencies (in percent) along a transect running between the 
geographical positions accounting for the maximum frequency values of cluster 1 and cluster 2. 
While cluster-1 frequencies presented a smooth variation pattern, cluster-2 frequencies showed an 
abrupt decline towards the south. The abrupt decline of cluster 2 towards the south is an indication 
that the lineages included in this cluster have a relative narrow spatial distribution, centered in the 
extreme northwest of Argentina. 
 
 
 
Figure IV-6 Profile of frequencies of Y-STR haplotype clusters along transects. 
(a) Transect running between the geographical sites accounting for the maximum spatial frequency values 
of cluster 1 and cluster 2 (see Figure IV-3); (b) transect running between the geographical sites accounting 
for the maximum spatial frequency of cluster 4 and the second maximum spatial frequency of cluster 1 (see 
Figure IV-4). Transects are shown with an arrow in the composite map on the right side (see Figure IV-5). 
Frequencies (in percent) are indicated on the y-axis. The relative spatial portion of the transect 
corresponding to each cluster and transect length (in degrees) are indicated on the x-axis. 
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Figure IV-4 shows on the basis of color shading and in form of a 3d view the spatial distribution of 
frequencies of the clusters second in frequency in the study region. Similar maximum values were 
registered in all four regions. Frequencies (in percent), measured along a transect set up between 
the littoral and the northwestern area, showed a similar smooth pattern of spatial variation of 
frequencies of cluster 1 and cluster 4 in the corresponding regions (Figure IV-6 b). A smooth spatial 
variation of frequency values is an indication of the widespread distribution of lineages included in 
these clusters within Argentina. 
 
As mentioned above, the worldwide distribution of the most frequent haplotypes of cluster 1 
(http://www.yhrd.org/) supports an expected European origin. The regional coverage of cluster 1 is 
in good agreement with previous studies and literature, indicating a major male European 
component (Avena et al. 2001; Corach et al. 2010; Levene 1992; Rock 1987). Higher frequencies 
of cluster 1 in the area of Santa Fe (Figure IV-3) correspond well with historical data indicating the 
Argentine littoral as one of the most important centers of long-lasting European immigration (Rock 
1987). On the other hand, lower frequencies of cluster 1 in relation to cluster 2 indicate that the 
central-littoral region is more admixed (Figure IV-3). This implicates that besides a widespread 
European heritage, represented in this sample by cluster 1, other male lineages constitute a 
considerable fraction of the population in this area, grouped primarily into cluster 4 (Figure IV-4). 
Cluster 4, second in frequency in central and littoral Argentina, included haplotypes incoming from 
all over the world (http://www.yhrd.org/). These results support an observed multi-ethnic genetic 
admixture (Avena et al. 2001) in an area which has been a recursive destination of most recent 
immigration (Rock 1987). 
The differentiation of cluster 3 in the northeast, grouping most probably males of European ancestry 
(http://www.yhrd.org/), is consistent with historical data as well, indicating that a large proportion 
of European peasants settled in this region (Rock 1987). As soon as the officially promoted 
immigration decreased, the northeast practically ceased to attract new immigration due to a relative 
geographical isolation of this region in relation to main industrial and metropolitan centers, located 
primarily in central and littoral Argentina (Rock 1987). Further studies might more precisely 
indicate the differential origins of cluster-1 and cluster-3 haplotypes. 
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The Argentine northwest differentiated strongly from the rest of the study region. As mentioned 
above, the overall highest cluster frequencies (cluster 2) were measured in the region of Jujuy and 
Salta (Figure IV-3; Figure IV-5). Such difference in frequencies indicates that the northwest is, on 
an average, less admixed than other regions. Cluster 2 retained the second highest frequency in the 
surrounding area to the south including the provinces of La Rioja, Tucuman, northern Chaco and 
Formosa. As already mentioned, cluster 2 gathered haplotypes frequently registered in South 
America (http://www.yhrd.org/), indicating a presumable Amerindian origin (Alfaro et al. 2005; 
Marino et al. 2007). These haplotypes belong most probably to the Amerindian populations 
inhabiting the northwest. According to census data, Jujuy Province counts Argentina's highest 
percentage of population (10 percent) identifying him- or herself as an indigenous person or 
descendant (INDEC 2004-2005). These are predominantly represented by the Kollas (INDEC 
2004-2005). 
The Kolla community, one of the last Argentine Amerindian populations, survivor of the European 
conquest, resides mainly in the Jujuy Province and extends with lower frequencies to the south 
(INDEC 2004-2005). This ethnic group still conserves traditions and habits corresponding to the 
most advanced culture in the pre-Columbian Argentine territory. The spatial distribution of the 
Kolla community coincides with the geographical regional coverage where cluster 2 showed the 
maximum and second maximum frequency values. 
Copious studies evaluated the Amerindian contribution to the Argentine genetic composition 
(Alfaro et al. 2005; Avena et al. 2001; Corach et al. 2010; Marino et al. 2007). While Argentina 
registers a high proportion of Amerindian maternal heritage (Corach et al. 2010), the paternal 
Amerindian contribution to the whole population is much lower (Corach et al. 2010; Marino et al. 
2007). Specifically concerning the northwest, previous studies support a larger Amerindian 
contribution (Alfaro et al. 2005; Marino et al. 2007). Our findings further reinforce a predominant 
indigenous paternal heritage in the northwest, much less diluted by either colonial or modern 
immigration than in other Argentine regions. The spatial coverage of cluster 2, most probably 
gathering individuals of Amerindian ancestry, strongly represented in the northwest, is in good 
agreement with prior expectations. 
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All in all, analysis conducted at both single-locus and haplotype level, reinforce the notion of 
Argentina as an admixed country, with a widespread predominance of male European lineages, a 
strong component of prevalent Amerindian heritage in the northwest and a strongly admixed 
fraction in central and littoral Argentina. 
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8  Spatial Admixture of three Sub-Populations 
This section tests the performance of the Genetic Geostatistical Framework using Argentine Y-
chromosomal STR haplotypes taken from published literature. The selected data sets were 
previously analyzed using wide-established genetic population methods. This new analysis is based 
on methods described in s. 5 Geostatistical Analysis of an Admixed Human Population. On the one 
side this section illustrates several options of the proposed genetic geostatistical analysis. On the 
other, findings were contrasted with the previously published results and conclusions. Finally, new 
insights gained with the application of the method presented in this thesis were inspected. 
8.1. Three Argentine Male Data Sets 
Individuals were sampled in three locations in central-northern Argentina, located in the Cordoba, 
Tucuman and Chaco Provinces (Figure IV-7). While Cordoba samples (n = 102) corresponded to 
healthy unrelated individuals from the general population (Salas et al. 2008), Tucuman and Chaco 
samples were recruited from two differentiated indigenous communities (Toscanini et al. 2008). 
Tucuman samples (n = 29) corresponded to a small Kolla community, composed of about 50 
middle-size families, widespread in the mountains 50 km away from the Tucuman capital city (San 
Miguel de Tucuman); these are descendant of the Calchaqui people (originals from the 
northwestern territories of modern Argentina) admixed with individuals of European origin 
(Toscanini et al. 2008). The third sample set (n = 49) included individuals recruited from a Toba 
community, residing in a region called Chaco impenetrable (impenetrable Chaco), located between 
the Teuco and Bermejito rivers (Toscanini et al. 2008). 
 
Each individual was genotyped at seven microsatellite loci (DYS19, DYS389I/II, DYS390, 
DYS391, DYS392, and DYS39) as reported elsewhere (Salas et al. 2008; Toscanini et al. 2008). Y-
STRs were combined into haplotypes according to the YHRD minimal set (http://www.yhrd.org/). 
Y-chromosome haplogroup inference was taken from the literature (Salas et al. 2008; Toscanini et 
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al. 2011). 
 
 
Figure IV-7 Sampling areas. 
Map showing the geographical location of the sampling areas (black dot) within the respective province in 
the Argentine territory: (a) Cordoba Province; (b) Tucuman Province; (c) Chaco Province. 
 
 
These data sets were considered useful for challenging the Genetic Geostatistical Framework due 
to two main reasons. First, all three sets have been previously analyzed in full detail with well-
established statistical population genetics methods (i.e. Salas et al. 2008; Toscanini et al. 2008; 
Toscanini et al. 2011). For instance, Toscanini et al. 2008 computed genetic distances among the 
three sets; plotted the joint genetic relationship of these samples on the basis of widespread genetic 
distances; and inspected the ancestry of the two indigenous communities with Y-chromosome 
haplogroups. Ancestry analysis of the urban sample using haplogroups was also performed by Salas 
et al. (2008). This meticulous in-deep genetic knowledge of the samples, including precise 
measures of within- and between-group genetic relationships, provides a robust platform for 
evaluating the accuracy of results gained with a new type of methodology. Second, a relatively 
simple but differentiated spatial pattern of genetic diversity was expected. According to published 
Spatial Admixture of three Sub-Populations 
 
89 
results, the total sample is composed of at least three main genetically differentiated groups or 
lineages: NW Argentine indigenous lineages, central-north Argentine indigenous lineages, and 
mixed overseas immigrant lineages (i.e. Salas et al. 2008; Toscanini et al. 2008). Relevant to this 
experiment is that each lineage is represented with different proportions in the three samples (Salas 
et al. 2008; Toscanini et al. 2008). Consequently, each one of the three main genetic groups must 
distribute differentially in the geographical space. Because only three locations were available to 
create the genetic layers, each layer could only present a spatial pattern of low complexity. 
Accordingly, the pattern of spatial genetic diversity of the joint sample was expected to remain 
relatively simple. A simple spatial pattern is of benefit for this experiment because the comparisons 
between the two types of resutls are straightforward. Noteworthy is that this experiment was not 
intended to fully describe the current genetic diversity in the geographic area, on the contrary it was 
attempted to capture the spatial relationship of three groups independently of other actually 
coexisting groups for purposes of testing the proposed methodology. 
8.2. Choice of Number of Y-STR Haplotype Clusters and Interpolation Parameters 
Conditioned by the low number of geographical sampling areas (Figure IV-7) and the a priori 
expected minimal number of differentiated groups of lineages (three groups as well; Salas et al. 
2008; Toscanini et al. 2008) the appropriate number of clusters for modeling the data was expected 
to range between three or four clusters. For the purpose of testing the presented framework, to 
delimit a fourth cluster of haplotypes could be considered well-grounded if the additional cluster 
presented a differentiated spatial pattern in respect to the first three other haplotype clusters. This 
situation may arise if for example the overseas immigrant lineages could be split into two largely 
represented groups, each of both accounting for different frequencies in each one of the three 
sampling areas. According to the previously published studies related to these samples (Salas et al. 
2008; Toscanini et al. 2008; Toscanini et al. 2011) the latter situation was not expected. 
Nevertheless several runs with three and four final number of clusters, varying the interpolation 
parameters, were conducted. The explorative runs indicated that delimiting a fourth cluster would 
only split the group most frequently present in Cordoba, without adding any additional geographic 
information. 
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Once the number of final clusters was set to three, further explorative runs were conducted in order 
to select the appropriate interpolation parameters. Finally, for all three clusters the default tension 
value (tension=40) and smooth=1 were considered to generate the best spatial pattern fitting the 
data. The final values were chosen according to the decision criteria detailed in s. 6.5.1 Surface 
Interpolation. It should be noted that the chosen smooth parameter value is relatively large in 
comparison with the default value (smooth=0.1). As it was explained in s. 6.5.1 Surface 
Interpolation, setting a larger smooth value is a more appropriate choice when it can be assumed 
that the truth value at one site is considered to account a large dependence from the truth values of 
other sites (see Figure III-7). In the spatial genetic context this situation may arise for example 
when a certain degree of migration is expected as it should be the case of this data set. 
8.3. Evaluation of the Spatial Structure of the Data 
Due to the low number of clusters and the low number of sampling areas (three in both cases), a 
relatively simple spatial pattern of genetic differentiation was expected. Simple spatial patterns are 
of advantage for the purpose of demonstrating methodological potentials on the side of 
geostatistical analysis and visualization options. Therefore, to the already presented tools in 
previous sections further techniques were implemented. 
The joint spatial distribution of the three clusters was assessed in two and three dimensions (3d). 
In two dimensions the pattern was analyzed using isolines of cluster frequency. This type of 
presentation technique may be helpful to obtain a comprehensive understanding of complexity of 
overlapping spatial distributions. Contour lines were created along isolines of equal frequency 
values separately for each cluster layer using the GRASS GIS module r.contour. In each case 
a step of 2.5 percent between isolines was used. Isolines of all three clusters were displayed jointly 
in one map. Cluster membership was distinguished by color. Isoline values were differentiated by 
tone shading and thickness of the line. 
A three-dimensional view of the joint distribution of the three clusters was created with the GRASS 
module NVIZ visualization suite. First, surface layers of all clusters were displayed. 
Second, cluster frequency values corresponding to the georeferenced point data used for the 
interpolation procedure were added. Point data were displayed in form of 3d points (icon type: 
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sphere), where the elevation indicates the frequency values at the site for the corresponding cluster. 
This combined view may be supportive for visualizing the relative difference of estimated 
frequencies of the clusters across the study area and observing the deviation at each site between 
point data and interpolated values. Cluster membership of both surface layers and 3d points were 
displayed with colors. 
Finally, one composite map was created showing the coverage of the most frequent clusters per 
area and a second composite map displaying the distribution of the second most frequent clusters 
per area. Values underlying the final composite maps were computed according to the procedure 
detailed in s. 5.2.6 Screening Algorithms. Cluster membership was indicated with colors and the 
spatial gradient of cluster-frequency values was indicated with tone shading. 
8.4. Haplotype Frequencies and Clustering Results 
The total sample (n = 506) included 142 different haplotypes. The clustering procedure distributed 
the total amount of different haplotypes unequally among the three clusters, resulting in an even 
more unequal distribution of samples among the three clusters (Table IV-5). Cluster 1 grouped the 
large majority of different haplotypes and samples and cluster 2 the smallest proportion of both, 
different haplotypes and samples. 
 
Haplotypes corresponding to the two major European Y-chromosome haplogroups, clade I and 
clade R (Karafet et al. 2008), were included to the largest extent in cluster 1 and cluster 2 (Table 
IV-5). None of the 60 haplotypes corresponding to clade R was grouped under cluster 3. Cluster 3 
included over 90 percent of the haplotypes assigned to clade Q, a major lineage among the Native 
Americans (Karafet et al. 2008). About half of the different haplotypes grouped under cluster 2 
corresponded to the clades E, G and J. Clade E can be found at high frequencies in Africa, clade G 
is present mostly in the Middle East, Mediterranean, and the Caucasus, and clade J was observed 
at high frequencies in Middle East, North Africa, Europe, Central Asia, Pakistan, and India (Karafet 
et al. 2008). According to these figures cluster 1 and cluster 2 grouped mainly overseas immigrant 
lineages while cluster 3 comprised mostly native lineages. 
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Table IV-5 Frequency distribution of samples and haplotypes per haplogroups and clusters 
cluster E* G* I* J* Q* R* T* n / hap 
1 1 / 1 
[ 0.3 ]  
5 / 5 
[ 1.7 ]  
9 / 4 
[ 3.0 ]  
26 / 9 
[ 8.7 ]  
8 / 3 
[ 2.7 ]  
249 / 44 
[ 83.0 ]  
2 / 1 
[ 0.7 ]  
300 / 67 
2 4 / 4 
[ 11.1 ]  
7 / 5 
[ 19.4 ]  
2 / 2 
[ 5.6 ]  
4 / 4 
[ 11.1 ]  
1 / 1 
[ 2.8 ]  
18 / 16 
[ 50.0 ]  
0 
[ 0 ] 
36 / 32 
3 7 / 4 
[ 4.1 ]  
0 
[ 0 ] 
2 / 2 
[ 1.2 ]  
3 / 2 
[ 1.8 ]  
158 / 35 
[ 92.9 ]  
0 
[ 0 ] 
0 
[ 0 ] 
170 / 43 
Total 12 / 9 12 / 10 13 / 8 33 / 15 167 / 39 267 / 60 2 / 1 506 / 142 
 
This table shows the absolute frequency of samples (n) and different haplotypes (hap) per haplogroup and cluster; 
relative sample frequencies (in percent) are indicated in square brackets. 
 
8.5. Geographical Patterns of the three Major Groups 
The surface-interpolation step exhibited differentiated spatial patterns for each one of the three 
clusters. Based on the spatial distribution of isolines of cluster frequencies it was observed that 
cluster 2 and cluster 3 distributed along a north-south gradient, albeit they followed opposite 
directions and presented large differences in frequency values (Figure IV-8). Figure IV-9 shows a 
three dimensional representation of the joint spatial distribution of the interpolated surface of all 
three clusters and point data values. Minimum and maximum values of the interpolated surfaces, 
minimum and maximum values of the point sampled data, and the root mean square deviation (rms) 
per cluster layer are shown in Table IV-6. 
 
Cluster 2 had its maximum in Cordoba and cluster 3 in Chaco. While both clusters showed a 
restricted area of higher frequencies and decreasing frequencies everywhere else, cluster 3 
presented a steeper decline (Figure IV-9). Cluster 3 was found to have the highest global 
frequencies, indicating that Chaco samples were genetically more homogeneous than the rest, and 
it contributed to a large portion of the Tucuman samples, between 40 and 50 percent.  
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Figure IV-8 Spatial distribution of Y-STR haplotype clusters. 
Isolines represent cluster frequencies (in percent). 
 
 
Table IV-6 Goodness of fit for spatial interpolation of Y-STR haplotype cluster frequencies 
Cluster rms min  [ q ] max  [ q ] 
1 5.6 30.7 [ 24.7 ] 59.2 [ 62.4 ] 
2 5.5 1.3 [ 0.0 ] 31.9 [ 38.3 ] 
3 7.0 23.1 [ 17.0 ] 67.1 [ 75.3 ] 
 
This table shows fit goodness for interpolated data on the basis of the root mean square deviation (rms) of the 
interpolation surfaces and the minimum (min) and maximum (max) values obtained by surface interpolation of q, where 
q is the estimated cluster frequency (in percent) at a sampling location (see s. 5.2.2 Computational Procedure for 
Determining Frequencies per Sampling Unit). 
 
 
Consequently, Tucuman samples were found to be composed primarily of cluster 1 and cluster 3 
samples. Cluster 1 differed in the pattern distribution of frequencies (Figure IV-8). It showed a 
relatively flat surface, with moderate decrease in the eastern direction. Similar frequencies were 
found in Tucuman and Cordoba, where cluster 1, as it was mentioned above, showed the largest 
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frequencies. In Cordoba, cluster 2 and cluster 3 presented relatively similar frequencies, showing 
that Cordoba samples were genetically more admixed than the rest (Figure IV-9). 
The composite maps created with the screening procedure showed that cluster 1 and cluster 3 are 
the predominant groups in the study area (Figure IV-10). Cluster 1 was the most predominant group 
in the largest portion of the area, only excluding the Chaco Province, where was second in 
frequency. Cluster 3 showed the highest frequencies in the Chaco Province. Cluster 2 was second 
in frequency in the area of Cordoba. 
 
 
Figure IV-9 Spatial frequency distribution of interpolation and point data values. 
Multiple surface 3d view showing the estimated spatial distribution of cluster frequencies (raster layer) in 
comparison with point data values (dot). Frecuency values are represented as elevation (z) in a 3d space. 
The ground level (brown raster layer) represents the zero frequency values (z=0). North and east directions 
are represented in the three-dimensional coordinate system. Provincial borders are indicated with a blue 
line. The geographical position of sampling sites is indicated with a black circle. The inset with the compass 
rose shows the cardinal position used to create this 3d perspective. 
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In the three dimensional representation shown in Figure IV-9 can be observed, that all three 
interpolation surfaces achieved a relatively good agreement between interpolated and point values. 
The better agreement was achieved by cluster 1, with more similar point values among the three 
sites. In this figure it can be verified as well, that the presented method properly identified the 
spatial ranks of cluster frequencies. Especially remarkable is the case of cluster 2, which presented 
a positive frequency value only in the sampling area of Cordoba and zero otherwise. The spatial 
screening of the most frequent groups per area correctly identified this cluster as the one with the 
second largest frequency within a very restricted area circumjacent to Cordoba interpolation site. 
 
 
Figure IV-10 Spatial distribution of Y-STR haplotype clusters. 
(a) Most frequent clusters; (b) second most frequent clusters. Lighter shading indicates higher spatial 
frequency values. 
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A noteworthy result of this data re-analysis is the good agreement between the detected spatial 
genetic pattern using the Genetic Geostatistical Framework and previously published results 
obtained with traditional genetic statistics. Salas et al. (2008) demonstrated that the urban 
population of Cordoba includes several paternal lineages, comprising a majority of admixed 
overseas lineages and a small proportion of indigenous lineages. According to Toscanini et al. 
(2011), the two indigenous populations inhabiting Tucuman (Kolla) and Chaco (Toba) differ in the 
degree of European ancestry. Of both, the Tucuman sample is considerably closer to European 
populations than to other indigenous populations. Toscanini et al. (2008) compared these three 
populations along with other published data using neighboring tree and multidimensional scaling 
plots based on RST genetic distances. The authors observed that while the urban population of 
Cordoba was very close to European samples and the Toba population of Chaco to several 
Amerindian populations, the Kolla population of Tucuman fell in between. All in all, these previous 
findings are in agreement with the observed spatial genetic pattern presented in this study. The 
small genetic distance between the Cordoba and Tucuman populations –lead back in the cited 
studies to the European paternal background- is in agreement with the widespread distribution of 
cluster 1, including mostly chromosomes of European origin (Table IV-5). The previously reported 
low proportion of Amerindian chromosomes in the urban population of Cordoba, a higher fraction 
in the Kolla community, and in high frequency in the Toba population correspond well with the 
distribution of cluster 3. Cluster 3 included most chromosomes of Amerindian origin (Table IV-5). 
The higher frequencies of cluster 3 were measured in Chaco, decreasing values in Tucuman, and 
consistently lower in Cordoba. A rest overseas component, in addition to the European lineages 
detected by Salas et al. (2008) in the urban sample of Cordoba and in much lower proportion in the 
two autochthonous communities (Toscanini et al. 2011), is in correspondence with the spatial 
distribution of cluster 2, which was mainly restricted to the area of Cordoba and included 
chromosomes of several overseas lineages. 
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Part V - Discussion and Conclusions 
9  The Genetic Geostatistical Framework  
This work presents an integration of population genetics and geostatistics framed within the 
powerful geographical information system GRASS GIS. The suitability and potentials of this 
methodology was investigated on the basis of a case study: the geographical assessment of the 
genetic diversity in the central-northern urban Argentina using seven forensic Y-chromosomal 
STRs. Further, an analysis of the genetic diversity of Y-STR haplotypes gained from individuals 
sampled in three geographically and culturally separated populations, previously characterized on 
the basis of standardized genetic statistics, was performed. Aim of this second evaluation was to 
demonstrate the capability of the Genetic Geostatistical Framework to detect spatial genetic 
heterogeneity and to increase the information content extracted from the data. 
 
A central element of this methodology is to model and to summarize spatial patterns of genetic 
heterogeneity in form of composite maps. The composite maps are created on the basis of regional 
frequencies. Regional frequencies are calculated based on several computational steps, each one 
involving case-specific assumptions. The main steps include: (a) designing groups (clusters) of 
genetically similar individuals; (b) defining the spatial parameters of analysis and specifying the 
spatial units required for spatial data aggregation; (c) computing genetic frequencies per group and 
per spatial unit; (d) selecting spatial interpolation procedures and tuning parameters; (e) creating 
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composite maps. In each step population genetics as well as social-demographic assumptions are 
needed. Consequently, a composite map created with this framework is one possible 
regionalization, an outcome which requires an interpretation in the context of case-specific 
assumptions and criteria. 
 
The first step of the analysis constitutes the grouping or ‘clustering’ of genetically similar 
individuals. In relation to this step several aspects must be observed. Spatial genetic heterogeneity 
of the male urban Argentine population was investigated at two levels: (a) locus level, i.e. 
separately for each one of the seven Y-chromosomal STRs; (b) multilocus level, i.e. combing all 
seven Y-chromosomal STRs. The parameters used for detecting groups of genetic similarity were 
either the allele, in the first case, or the haplotype, in the latter one. In either case interpretation of 
results must take into account marker-specific characteristics. Due to their mutation rates, STR 
alleles are prone to homoplasy in evolutionary times (Forster et al. 2000; Gusmão et al. 2003). This 
marker-specific feature raises the question if the assumed genetic similarity, e.g., the shared allele 
or haplotype, is the result of identical by state (IBS), i.e. two individuals share an allele or 
haplotype by chance, or identical by descent (IBD), i.e. there is a common source for the shared 
feature, meaning that the two individuals are biologically related. 
Taken into account the high Y-STR mutation rates –0.0051-0.0011 in average for the seven Y-STR 
loci analyzed in this work (Goedbloed et al. 2009)-, it has to be assumed that there must be a certain 
degree of IBS at the locus level in the studied sample. This means that each one of the seven Y-
STR composite maps by itself may be strictly interpreted as a characterization of present spatial 
heterogeneity at that locus. Further information and analysis is necessary to raise conclusions 
related to other topics, for example, to inspect recent or past migration of Y lineages based on single 
STR. 
Low probability of Y-STR haplotype IBS is expected for the study population. Pereira et al. (2003) 
found that the IBS proportion of pairs of haplotypes differing in either zero or one repeat unit is ≤ 
0.02 for European populations and ≤ 0.01 for an Argentine population. Based on these previous 
results, it might be reasonable to assume that the studied sample would include a proportion of Y-
STR haplotype IBS tending to zero. It must be pointed out that even if there were a certain (small) 
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proportion of IBS in the sample, excluding those parallel-developed haplotypes leading to IBS 
would not modify the pattern of spatial heterogeneity presented in the composite maps. The 
exclusion of few individuals would only affect the pattern of spatial frequency distribution in the 
areas where the cluster including those haplotypes presents low spatial frequencies. Since the final 
composite maps show at each spatial location the cluster that accounts for the highest (second 
highest) frequency, the inclusion or removal of the individuals carrying such haplotypes cannot 
affect the final composite maps. Consequently, this method is very robust against low proportion 
of haplotype IBS. Nevertheless, using this method with other data for evolutionary inquiries may 
require to test the assumption of IBD and, if necessary, to correct for IBD deviation. 
 
The ‘clustering’ step, i.e. grouping individuals according to genetic similarity, was implemented 
differently depending on the level of analysis. At the locus level a straightforward and directly 
interpretable grouping criterion was used: each Y-STR allele detected in the sample determined 
one group of genetically similar individuals. The final composite maps show the spatial distribution 
pattern of the most frequent alleles per Y-STR. It must be indicated that the number of groups per 
locus depends on the number of alleles present in the sample. Examining another sample of the 
same population may result in a modification of the number of delimited groups per locus since the 
presence and number of rare alleles would vary from sample to sample. Reducing or enlarging the 
sample would cause the same effect. The spatial pattern shown by the genetic layers of each allele 
would vary in areas of low frequency. As explained above, pattern variation in areas of low 
frequency will not impact the spatial pattern detected in the final composite maps of genetic 
heterogeneity. 
Comparison across loci should take into account marker-specific features, e.g., mutation 
mechanisms, mutation rate, number of alleles per locus. Joint analysis of different loci may reveal 
diverse evolutionary developments (Hurles & Jobling 2001). Once again, integrating results 
referring to several loci may require additional information and deeper spatial analysis. Setting this 
further spatial analysis within the Genetic Geostatistical Framework will offer the broad spectrum 
of flexible geostatistic tools of GRASS GIS. 
At the haplotype level a more complex grouping strategy was necessary. Grouping genetically 
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similar individuals based on their haplotypes requires including further genetic assumptions. Y-
chromosomal STR haplotypes were grouped according to molecular distance accepting the single-
step mutation model (Gusmão et al. 2003). This step involved in the case study seven Y-STR loci. 
Genetic similarity was determined comparing the number of repeated tandems of nucleotides in a 
seven dimensional space. An implicit assumption behind this implementation is that a difference 
of one tandem at one locus is comparable to the same difference at the other loci. Abundant 
literature confirms that to each Y-STR corresponds an independent, different mutation probability 
(Gusmão et al. 2005; Goedbloed et al. 2009). Nevertheless and according to previous studies, the 
variation in genetic differences in respect to a one-tandem-step difference among these loci could 
be neglected in this case. For instance Gusmão et al. (2003) succeeded in describing the micro-
regional variation of this same Y-STR haplotype in a northern region of Spain just pooling one-
step neighboring haplotypes. Moreover, the authors concluded that a sound relationship analysis of 
Y-STR haplotypes requires molecular-distance analysis between haplotypes. Accordingly, it can be 
fairly hypothesized in reference to the case study that frequency analysis of Y-STR haplotype 
clusters, grouped according to the single-step mutation model, provides detailed insights about 
nowadays male lineages cohabiting Argentina. 
 
Data analysis recurrently involved selection of adequate geostatistical tools and parameter tuning. 
The specific decision-making process of tool selection and parameter specification applied to the 
case study was explained in detail in Part III -Materials and Methods. It must be noted that a 
common line characterized the whole procedure. On one hand, each step required further 
information of related fields in order to define case-specific assumptions. This included 
assumptions regarding main source of genetic variation, spatial pattern of migration and number 
of genetically similar groups measurable at the defined geographic scale of analysis. On the other 
hand, parameters were fine tuned in an iterative process in order to maximize regionalization, i.e. 
to increase the number of regions identified in the composite maps while reducing artifacts (small 
patches or patterns of narrow, multiple stripes not explainable by the data at the geographical scale 
of analysis). At last, outcome plausibility was verified in a deductive manner. On the one side 
results were compared with findings of genetic studies conducted with the same or analogous set 
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of genetic markers, at similar geographical and time scales. On the other, outcome plausibility was 
analyzed on the light of demographic, historical, and ethnographic information. After proceeding 
in such a deductive fashion it could be confirmed that results of both applications to real data 
presented in this thesis are in clear congruence with genetic, historical and demographic findings.
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10  Male Genetic Heterogeneity in Nowadays Argentina9 
The pattern of genetic admixture of the urban male population in central and northern Argentina 
was summarized on the basis of composite maps.  The most probable origin of the most frequent 
haplotypes was assessed inspecting worldwide Y-STR haplotype distribution and lineage origin 
(i.e. search of the estimated origin of the corresponding SNP-haplogroups). In agreement with 
previous studies (Corach et al. 2010; Marino et al. 2007) findings of this work further support a 
majority of males with European lineage in the present Argentine population. This heritage is 
represented in this sample by two groups of closely related haplotypes, cluster 1 and cluster 3, 
showing the highest frequencies across the largest extension of the study region. A larger sample 
or different sets of genetic markers would be necessary to more precisely evaluate the difference 
in origin between these two groups. 
Historical, ethnological and census data confirm, explain, and validate the results indicating an 
exiguous portion of Amerindian component in the largest territories of Argentina and a major 
component of Amerindian population in the northwest. One of the largest groups of individuals, 
who identify themselves as indigenous people or descendants, resides in this region (INDEC 2004-
2005). This expected spatial structure was detected and quantified on the basis of composite maps 
at two levels: (a) at the single-locus level, by the repeatedly observed pattern of allelic 
differentiation in the northwest and, (b) at the haplotype level, by the strong representation of 
cluster 2 in the northwest, which included haplotypes of presumable Amerindian origin. 
It is through the composite maps presented in this work that a geographical estimation of spatial 
coverage and geographical pattern of frequency variation of one of the largest extant Argentine 
Amerindian groups, the Kollas, was obtained. The inspection of the three dimensional 
representation of cluster frequencies and transect charts largely facilitates comparing the degree of 
                                                 
9 This section is partially identical to Diaz Lacava & Walier (2012). 
Part V - Discussion and Conclusions 
 
104 
admixture of the Amerindian group in relation to others. Specifically for this group three regions 
were identified: (a) the northwest, including the provinces of Jujuy and Salta, where this group 
presents the highest frequency above all groups; (b) a surrounding transition zone, where European 
lineages present similar frequency; and (c) the territory where its frequency abruptly declines. 
According to these results, the group represented by this cluster, the Kollas, is the one with less 
admixture (since it accounts for the overall highest frequency) and it is mostly restricted to the 
northwest. Consequently, the northwest is the area with lower gene flow of overseas lineages. This 
finding goes in line with historical sources indicating that European immigration did not affect the 
Argentine territory equally. According to these sources the northwest was the territory less affected 
by the large immigration movements populating Argentina (Devoto 2009). 
New immigration waves after the 1950's, predominantly affecting central and littoral Argentina 
(Rock 1987), might have reintroduced Amerindian lineages from neighboring countries and might 
have also introduced further lineages arriving from all over the world (Avena et al. 2001). In this 
work such expected strongly admixed group was led back to cluster 4, which gathered haplotypes 
registered worldwide. With this analysis it was possible to determine that lineages included in this 
cluster are the second group in frequency in the most populated centers, which are located in central 
and littoral Argentina. Moreover, on the basis of transects the pattern of spatial variation in 
frequency of cluster 4 was compared to others. The broad regional coverage and the substantial 
contribution of this group to the overall genetic background further support observed changes in 
the genetic composition of littoral Argentina towards a multi-ethnic population (Avena et al. 2001). 
Taking into account that the sampled provinces gathered 75 percent of the total Argentine 
population (INDEC 2010) and that the study region extended over 80 percent of the total country, 
this analysis may be considered representative of the total contemporary male Argentine 
population.
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11  The Geographical Study of Genetic Heterogeneity in Modern Humans 
Human genotypes are sampled in the most general case together with certain type of geographical 
references. Due to ethical constrains precise references, e.g., postal address, may not be available 
for population genetics studies of modern humans. Therefore, although individual- or allele-based 
methods may be very useful for analyzing spatial genetic stratification of natural populations (Kelly 
et al. 2010), are less appropriated for human-population studies. On the other hand, the traditional 
population-based methods suffer loss of resolution due to two primary simplifications: (a) defining 
biological populations on the base of sampling locations; (b) averaging individuals or alleles at 
population level (Kelly et al. 2010). The presented Genetic Geostatistical Framework increases the 
information gained from the data avoiding the drawbacks of traditional population-based statistics. 
This methodology neither requires user-defined populations nor demands for parameters specifying 
the underlying theoretical model of gene flow or drift (Kelly et al. 2010). It is based on the intuitive 
idea that groups of genetically similar individuals must be first delimited, and afterwards their 
geographic distribution must be analyzed (Gusmão et al. 2003). 
The geographical distribution of groups of genetically similar individuals is modeled in form of 3d 
surfaces. This procedure is comparable to decompose the total genetic diversity of a region into 
spatial genetic layers. The overall geostatistical analysis of these genetic layers allows examining 
main features of the genetic composition of a region and detecting spatial genetic structures. The 
application to real data showed that these spatial structures could be revealed even in highly 
admixed populations with considerable gene flow. Juxtaposing the genetic layers in a 3d space 
substantially facilitates the geographical analysis of group frequencies in a comparative fashion. 
Case study results demonstrate that the proposed Genetic Geostatistical Framework successfully 
exploits the geographic information content of the data and it consistently reveals the spatial genetic 
structure of an even highly admixed population, i.e. the methodology succeeds in detecting spatial 
patterns of genetic diversity at relatively high levels of migration. It is specifically convenient for 
data with low geographic resolution (e.g., geographic references of samples available at the 
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resolution of sampling locations), and it is sensitive enough to detect spatial genetic structures 
based on very low number of sampling sites. It is not directly restricted by the type of genetic 
markers and it can provide solid results even by using a small marker set.  
A substantial contribution of this work is to provide tools to search for spatial genetic structures 
within the frame of GIS. Framing the analysis within a powerful GIS turns the implementation of 
spatial screening algorithms straightforward. It is self-evident that the numerous spatial tools (e.g., 
from univariate spatial queries to multivariate geostatistics and complex spatial modeling) 
considerably increase potentials and flexibility of geographical analysis of genetic diversity. As 
well as relevant are the manifold GIS reporting tools, which include among others extracting and 
summarizing spatial data in tables and graphics and creating a large variety of map types. 
 
Thoroughly discussed in population genetics literature are the needs and potentials of applying 
spatial analysis to statistical genetics (Epperson 2003). With this work it was shown that the Genetic 
Geostatistical Framework succeeds in merging geostatistics and genetics to meaningfully analyze 
the genetic diversity of an admixed population. Nonetheless limitations and scope of the proposed 
Genetic Geostatistical Framework must be considered.  
The recently fast growing field of landscape genetics “integrates data and analysis methods from 
landscape ecology, spatial statistics, geography and population genetics to understand the spatial 
distribution of genetic variation” (Storfer et al. 2010). A key element of landscape genetics is the 
incorporation of the landscape matrix as an essential element being considered by the analysis of 
gene flow and genetic heterogeneity within and among populations (Holderegger & Wagner 2008). 
For instance, Storfer et al. (2010) classified empirical studies into the field of landscape genetics if 
they include at least one geographical landscape variable in addition to Euclidean distances. The 
methodology proposed in this work could be easily extended to fulfill this criterion, or even to 
include landscape elements. But at the present stage and according to these definitions, it may be 
more properly assigned to the field of geographical genetics, i.e. a field which emphasizes the use 
of spatial statistics to study spatial or geographical patterns of genetic variation and the space-time 
process that produce them (Epperson 2003). Consequently, the presented Genetic Geostatistical 
Framework and its outcome must be confined to the category of explorative analysis. A relevant 
The Geographical Study of Genetic Heterogeneity in Modern Humans 
 
107 
extension of this methodology may involve the computation of statistics to measure the degree of 
significance of the detected patterns of genetic variation. Furthermore, since this methodology was 
primarily proposed for population studies of modern humans, a sound analysis extension towards 
the field of landscape genetics may require to include on the one side data related to spatial socio-
demographic variation –for instance, spatial distribution of present and past infrastructure, political, 
economic, and socio-cultural elements, e.g., language, religion- and data describing natural 
landscape features on the other. Upon them hypothesis driven analysis could be performed to 
understand how natural and socio-demographic landscapes affect observed patterns of genetic 
variation. 
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12  Conclusions 
This work shows that integrating statistical genetics and geostatistics in the framework of GRASS 
GIS is a successful approach for precisely examining fine-scale spatial patterns of genetic diversity. 
This task becomes even more challenging in case of high degree of admixture. Most studies using 
samples collected within modern societies are confronted with strong admixture, as it was 
presented in the case study. The complex nature of the Argentine genetic structure was revealed at 
high degree of spatial resolution applying geostatistical interpolation methods (Manel et al. 2003; 
Storfer et al. 2007). 
The strength of this new Genetic Geostatistical Framework is the comparative quantification of 
spatial coverage of groups of genetically similar individuals in relation to one another. On the basis 
of only seven Y-STR loci admixture was spatially modeled as the overlapping distribution of 
coexistent groups. The urban male population of central and northern Argentina was decomposed 
into four major groups: two groups including European lineages, one including a strong component 
of Amerindian heritage and a rest one, including lineages of worldwide origin.  The overlapping 
geographical coverage and differential spatial frequency of these groups was summarized in the 
final composite maps. All in all this study provides a further confirmation of the ethnic pluralistic 
composition of the urban male Argentine population as well as the differentiated regional impact 
of historical and modern migration. 
On the basis of a case study and data re-analysis it has been demonstrated that the systematic, 
comprehensive search for spatially overlapping structures of genetic variation allows the 
identification of spatially coherent regions populated by genetically closely related individuals as 
well as the comparative quantification of differentiated degree of admixture among groups and 
regions. Further advantages of this kind of analysis are twofold. First, as it was discussed in 
Barbujani (2000), spatial findings reported in form of maps are intuitive to understand and provide 
the most direct way to evaluate geographical relationships. Second, accurate geostatistical 
characterization of the genetic diversity of a region provides an optimal basis for further 
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evaluations. These may include: within-group heterogeneity, quantification of the degree of genetic 
relationship among detected groups, connectivity analysis (detection of barriers, pathways, and 
corridors), spatial and temporal lag as well as performing explicit tests of the effects of geographical 
variables on gene flow and genetic composition of populations. In addition, results may be 
straightforwardly summarized in form of statistics or charts. 
It is the hope of the author that the presented Genetic Geostatistical Framework as well as the 
spatial characterization of the male Argentine population, further validated by historical, ethnic, 
and census data, will provide a basis for future works ranging from investigations in forensic 
genetics, population genetics, genetic epidemiology, to studies in closely related areas such as 
ethnology, history, or demographic surveys. 
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